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Foreword

Timely information regarding nutrition is critical to improving human health and well-being and safeguarding
the environment. The mission of the International Life Sciences Institute (ILSI) is in part to provide such infor-
mation, and we are pleased to present the 11th edition of Present Knowledge in Nutrition.

First published in 1953, Present Knowledge in Nutrition was launched with the goal of providing readers with the
most comprehensive and current information covering the broad fields within the nutrition discipline. Reflecting the
global relevance of nutrition, this edition’s authors are from a variety of countries and reflect a “who’s who” of
nutritional science.

ILSI is a worldwide nonprofit organization that seeks to foster science for the public good and collaboration
among scientists, all governed by ILSI’s core principles of scientific integrity. With 16 entities worldwide, ILSI
published 70 scientific articles globally in 2019 and hosted 152 workshops addressing nutrition, food safety, and
sustainability. ILSI is a world leader in creating publiceprivate partnerships that advance science for the betterment
of public health and achieve positive, real-world impact.

We trust the two volumes of Present Knowledge in Nutrition will be valuable resources for researchers, health
professionals, clinicians, educators, and advanced nutrition students. ILSI is proud of the contributions made by
the authors and editors of this key reference, and we are excited to advance the discipline of nutrition with this
publication.

Kerr Dow, ILSI Board of Trustees Co-Chair

Michael Doyle, ILSI Board of Trustees Co-Chair
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Preface

As editors, we feel privileged to have been asked to
edit the 11th edition of Present Knowledge in Nutrition. The
11th edition moves this major nutrition reference source
beyond its 65-year history and into an explosion of
exciting new methodologies and understandings of the
role of diet and nutrition in human health and well-
being. In a global survey conducted in 2017, Present
Knowledge in Nutrition was identified as a key resource
for the latest information in the nutrition field for nutri-
tion and dietetic professionals and clinicians. Specifically,
survey participants stated that Present Knowledge in
Nutrition was the source to which they turned when
seeking the latest information in an area of nutrition that
was outside their main expertise. Further, Present
Knowledge in Nutrition is valued as an academic text in
advanced nutrition courses. Recognizing the important
role of the periodic updates of Present Knowledge in
Nutrition among scientists and practitioners, as editors
we have sought to maintain the long-standing tradition
of identifying content-thought leaders to provide the
most comprehensive and latest information in their
fields in the chapters represented in this edition.

The 11th edition of Present Knowledge in Nutrition is
presented in two companion volumes: Volume 1: Basic
Nutrition and Metabolism and Volume 2: Clinical and
Applied Topics in Nutrition. Provision of two volumes
enables the reader to more quickly identify the location
of relevant materials andmakes the printed copies of this
74-chapter edition more physically portable. This 11th
edition includes full color illustrations and other color-
enhanced features. At the end of each chapter, the
authors clearly have identified important research
gaps and needs for future research. Volume 1 includes

chapters that provide the latest scientific knowledge on
requirements for specific nutrients and genomics and
chapters that discuss important cross-disciplinary topics
including systems biology, the microbiome, and the role
of nutrition in regulation of immune function. Volume 2
provides the most recent information on life-stage
nutrition, obesity, physical activity, and eating behavior;
dietary guidance; and nutrition surveillance, as well as
major topics in nutrition and disease processes and
medical nutrition therapy.

In addition to print volumes, the 11th edition of
Present Knowledge in Nutrition is available in electronic
format through the website: https://pkn11.org/where-
to-buy/. The electronic format provides broader access
not only globally but also for educational use.

We believe the authors have done an outstanding job
in presenting the latest information in their respective
fields and hope this edition will continue the long tradi-
tion of being an essential resource broadly in the nutrition
field.

Bernadette P. Marriott
Charleston, South Carolina

Diane F. Birt
Ames, Iowa

Virginia A. Stallings
Philadelphia, Pennsylvania

Allison A. Yates
Johnson City, Tennessee
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INFANT NUTRITION
Stephanie P. Gilley, MD, PhD
Nancy F. Krebs, MD, MS

Department of Pediatrics, Section of Nutrition,

University of Colorado Denver School of Medicine,

Aurora, CO, United States

SUMMARY

Infancy is a time of rapid growth and development with nutritional needs unique from any other stage of
life. Additionally, babies must change from an entirely liquid intake to a diet mostly comprised of solids.
Numerous health organizations endorse breastfeeding as the ideal nutrition source for infants during the
first year of life. In this chapter, a discussion of common breastfeeding issues and how to support mothers
to promote breastfeeding is included. The chapter also addresses formula feeding, the nutritional re-
quirements of premature and hospitalized infants, the transition to complementary foods and how the
primary feeding choice influences guidance, common nutritional issues that arise during the first
12 months of life including under- and overnutrition, and a brief comment on the transition to a toddler
diet after 1 year.

Keywords: Breastfeeding; Complementary foods; Growth faltering; Inborn errors of metabolism; Infancy; Infant
formula; Micronutrient deficiencies; Prematurity.

I. INTRODUCTION

A. Background

The time from conception to 2 years of age, often
termed the first 1000 days, represents a uniquely vulner-
able window of growth and development with implica-
tions for the entire life span. Interventions targeting
better nutrition during the first 1000 days may improve
health well into adolescence and adulthood. Increasing
rates of breastfeeding is a goal of the CDC, the WHO,
and the American Academy of Pediatrics and is pre-
dicted to promote infant and maternal health in both
the long- and short-term, reduce health disparities,
and have economic benefits.1 Although breastfeeding
rates have been increasing over the last decade, less

than 30% of American children are still receiving any
breast milk at 1 year.1,2

Since the last edition was published, there have been
significant knowledge advances regarding infant nutri-
tion, in particular the adverse effects of early rapid
weight gain, the developing microbiome, and ideal
timing of introduction of highly allergenic foods. In
addition, basic nutrient requirements are fairly well un-
derstood. What is less clear is the optimal nutritional
composition that is best to assure brain growth, overall
development, and long-term health. This chapter pre-
sents evidence-based practices, consensus recommenda-
tions, and other guidelines for feeding during the first
year of life, while highlighting current research gaps
that await future investigations.

3
Present Knowledge in Nutrition, Volume 2 Copyright © 2020 International Life Sciences Institute (ILSI).

Published by Elsevier Inc. All rights reserved.https://doi.org/10.1016/B978-0-12-818460-8.00001-0

https://doi.org/10.1016/B978-0-12-818460-8.00001-0


B. Key Issues

II. PHYSIOLOGICAL DEMANDS OF
LIFE STAGES

A. Development of Gastrointestinal Function

At birth, the infant gastrointestinal tract rapidly takes
over nutrient absorption functions from the placenta.
The gut digestive and absorptive capabilities are imma-
ture at birth.3 The infant diet must therefore match the in-
testines’ level of function. Fats make up 40%e50% of a
newborn diet and provide building blocks for neuronal
development.4 Before about 3e6 months of age, howev-
er, infants have lower concentrations of pancreatic en-
zymes including lipases,5 resulting in only 70%e90% of
ingested lipids being absorbed, with lower absorption be-
ing noted in premature and formula-fed full-term
infants.6,7 Immature pancreatic function also influences ab-
sorption of carbohydrates, since production of amylase
does not appear until approximately 1 month and takes
up to 2 years to reach maturity.5 Most carbohydrate diges-
tion occurs via lactase in the intestines.3

In addition to digestive functions, the intestines are
home to the developing enteric microbiome, which is
increasingly recognized for its important role in growth
and development.8 Gestational age, mode of delivery,
and primary feeding type, along with other environ-
mental factors, are known to have substantial impact
on the microbiome,9,10 which helps shape developing
innate immunity.11 These differences may have long-
term health impacts, as there are numerous studies
showing associations between early life microbiome
and several diseases including obesity, atopy, inflamma-
tory bowel disease, and neurologic disorders.10e12

B. Normal Expected Growth

Weight loss after birth

Immediately following birth, all infants lose weight,
evaluated as a percentage of birth weight. The degree
of weight loss varies based on numerous factors
including maternal intravenous fluid administration
during labor and delivery, infant sex, mode of delivery,
and method of feeding.2,13 In general, weight loss of
more than 8%e10% of birth weight is considered
excessive.1 Exclusively breastfed infants should have
close outpatient follow-up within 1e2 days after hospi-
tal discharge. Birth weight is typically regained by
7e10 days of life, although it can take up to 14 days.1,2

Weight loss of more than 8% of birth weight or failure
to return to birth weight by 10 days in an exclusively
breastfed infant should trigger an evaluation of feeding
effectiveness.

Growth monitoring

Following the initial weight loss, reference growth
curves are used to determine whether a child’s growth
is occurring at an expected rate. For infants up to
24 months, these growth curves examine weight, length,
head circumference, and weight-for-length. In 2006, the
WHO released standard curves using longitudinal mea-
surements of primarily breastfed infants in six different
countries.14,15 Exclusive use of the WHO curves has
been recommended by the CDC and the American
Academy of Pediatrics.1,15,16 In general, infants gain
approximately 20e30 g/day for the first 3 months, w15
g/ day from 3 to 6 months, and 10e12 g/day from 6 to
12 months.3,16 Birth weight typically doubles by 4e5
months, occurring later in breastfed and female infa-
nts.16,17 Premature infant growth trajectory should be
plotted at corrected gestational age until the age of 2e
3 years, especially for length.3 Although not as often
used clinically, there are notable changes in body compo-
sition, which naturally occur across infancy. Body fat per-
centage increases steadily until a peak around 6 months
of age. After this point, growth of fat-free/lean body
mass begins to accelerate and accumulation of fat mass
slows.18

Growth assessment

Infants who are trending downward across percen-
tiles concern health professionals and parents alike.
Some of this fluctuation is expected as infants settle on
a growth trajectory based on genetic potential. However,
it is important to identify children who are not growing
well due to nutritional inadequacy or an underlying

• Development of gastrointestinal function

• Normal expected growth during infancy

• Human milk feeding

• Formula feeding

• Unique needs of premature infants

• Inborn errors of metabolism

• Introduction of complementary foods

• Issues of concern: breastfeeding contraindications and

problems, growth faltering, milk protein intolerance,

and micronutrient deficiencies

• Transition to the toddler diet

• Nutritional support of the hospitalized infant
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medical or genetic condition. Using the weight-for-
length chart is useful to help distinguish between normal
and unexpectedweight gain and to assess degree of thin-
ness. Ideal body weight (IBW) is equal to the weight that
corresponds to the 50th percentile for the infant’s current
length. Percent IBW ([current weight O IBW] � 100%)
below 90% is indicative of malnutrition.3 A weight-for-
length z-score below �2 is defined as wasting. Infants
who have low weight but normal length typically need
an increase in calories. For those 6 months and older, a
focus on increasing the protein and fat content of com-
plementary foods may be helpful. If a baby also has
diminished length (z-score below �2 is defined as stunt-
ing), the differential needs to be expanded, as it could be
related to insufficient calories, micronutrient deficiency,
or a medical or genetic condition. These cases are con-
cerning and require prompt attention and evaluation.
Growth faltering (also called failure to thrive [FTT]) is
discussed later in this chapter.

Another adverse growth pattern is early rapid weight
gain, which is associated with increased risk of future
obesity.19 This pattern is more common in formula-fed in-
fants compared to those who are exclusively breastfed.
Before the age of 2 years, a child with a weight-for-length
above the 95th percentile is overweight. The term “obese,”
defined as excess body fat, is not used in this age group
because excessive body fat is not well characterized.20,21

It is also unknown whether distribution of fat mass (e.g.,
subcutaneous vs. visceral) influences future disease risk.
Parents may be unwilling to accept that their infant is
overweight, as in many cultures fatter babies are viewed
to be healthier. However, an assessment of energy intake
and feeding behaviors should be undertaken, including
early introduction of complementary foods, overfeeding
by bottle, and consumption of sugar-sweetened beverages
or highly processed foods.21

C. Term Infants

Recommendations for 0e6 month old infants are
based on observed intake by exclusively breastfed in-
fants, and those for 6e12 month olds are based on
decreasing consumption of human milk or formula
while increasing complementary foods (Table 1.1).22,23

Human milk

Innumerable benefits of breastfeeding have been
identified for both infant and mother. For the infant,
these include reduced risk of ear infection, sudden in-
fant death syndrome, obesity, and hospitalization dur-
ing the first year of life. Mothers who breastfeed tend
to return to prepregnancy weight more quickly and
have decreased incidence of stroke, breast and ovarian

cancer, type 2 diabetes, and hypertension.1,2,16,24 The
“average” composition of mature human milk is shown
in Table 1.2.3,21 The CDC and WHO have identified
increasing breastfeeding rates as an important goal to
improve overall population health with resultant eco-
nomic benefits.1,3

Breastfeeding Support;Many women assume that because
breastfeeding is natural, it will be easy. However, breast-
feeding is a learned skill for both mother and infant, and
support from providers knowledgeable in breastfeeding
is critical, especially in the first month as milk produc-
tion is established.1 A large retrospective study found
higher rates of hospitalization in the first month of life
for breastfed versus formula-fed babies, primarily
due to dehydration or hyperbilirubinemia.25 This
highlights the importance of lactation support, both
one-on-one and in a group setting, as well as close
monitoring of weight. Women with obesity and/or
insulin resistance often experience delayed onset of
milk production and may benefit from early lactation
support. Additionally, there can be social pressures
and strong maternal and family emotional reactions to
having difficulty with exclusive breastfeeding. If
eligible, encourage women to enroll in the Special
Supplemental Nutrition Program for Women, Infants,
and Children (WIC), which offers food and nutritional
counseling to women and children under 5 years old.
Breast pumps can be borrowed from WIC, the infants’
growth is followed, and breastfeeding women are
provided with additional food to support lactation.
Mothers can also be referred to a certified lactation
consultant or to the La Leche League website to
find local support groups.1,2 Support from both
professionals and lay individuals has a positive impact
on breastfeeding continuation, and its importance
cannot be overstated.26

Expression and storage of human milk; Women who are
separated from their infants can express milk either by
hand or by using a manual or electric breast pump.1

For brief separations, manual pumps are easily portable
and can be used in the absence of a power source. How-
ever, women who will be returning to work or will be
otherwise separated from their infant for longer dura-
tions should have an electric pump. Since the passage
of the Affordable Care Act, US health insurance pro-
viders must have some coverage for breast pumps, and
employers are required to provide reasonable time and
space for milk expression and storage.1,24 Gentle mixing
or shaking can be used to reintegrate the milk and fat
layer after natural separation. Formilk storage, guidelines
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vary slightly depending on source. Freshly expressed
breast milk can be stored for up to 4 h at room tempera-
ture, for 4e6 days in the refrigerator, and for 6e12 months
in the freezer depending on the temperature.1,16,27

Previously frozen milk should be used within 24 h of
thawing.16 Breast milk should never be warmed by
micro-wave.

Donor milk; Donor milk banks collect, screen, pasteurize,
andpool breastmilk frommultiplewomen for subsequent
distribution. The Human Milk Banking Association of
North America helps establish milk banks as well as sets
standards for milk processing, pasteurization, and safety.
The composition of pasteurized human milk differs from
fresh milk, most notably the bioactive components of
human milk. For example, the pasteurization process
used for donor human milk (DHM) impairs its immuno-
logic properties, including cells, bacteria, enzymes, and
immunoglobulins28,29; diminishes the activity of digestive
enzymes such as amylase and lipase30; and eliminates the
microbiome.29,30 Although many studies show benefits in
premature infants (discussed below), very few report
specifically on DHM use by healthy term infants.
Additionally, donor milk is frequently prohibitively
expensive for prolonged use.28 Due to high costs, women
sometimes purchase human milk via the Internet or from
friends (referred to as direct milk sharing). One study

found cow milk contamination of 10% of Internet-
purchased human milk31 and 74% had contamination
with potentially pathogenic bacteria.32 Using milk from
a certified bank decreases exposure to medications or
narcotics due to pooling of milk from multiple
women.16,28 For these reasons, direct milk sharing is
discouraged.

Formula

Despite efforts to promote and support breastfeeding,
many women will be either unable or unwilling to
breastfeed. Most of these women will choose to formula
feed their babies (vs. donor milk). There are different
types of formula, as detailed in Table 1.3. Martinez and
Ballew have an excellent review covering infant formula
composition and different types.33 In general, a cow
milkebased formula is appropriate for most term in-
fants. Consumption of approximately 32oz (1L) of for-
mula per day will meet the recommended daily intake
for vitamin D.3,16,34

Nutritional composition; Highlighted differences between
human milk and cow milkebased formula composition
are summarized in Table 1.2 and Fig. 1.1. Standard
formulas contain 10e35� higher iron as well as higher
protein, zinc, calcium, and sodium compared to human

TABLE 1.1 Recommended intakes for term infants by age in both the United States and Europe.

United States RDA European union RNI

Ages included in recommendations: 0e6 months 6e12 months 0e3 months 4e6 months 7e9 months 10e12 months

Nutrient Units

Vitamin A mcg 400* 500* 350 350 350 350

Vitamin C/ascorbate mg 40* 50* 25 25 25 25

Vitamin D mcg 10*^ 10* 8.5e10 8.5e10 8.5e10 8.5e10

Vitamin E mg 4* 5*

Vitamin K mcg 2* 2.5*

Folate mcg 65* 80* 50 50 50 50

Vitamin B12 mcg 0.4* 0.5* 0.3 0.3 0.4 0.4

Iron mg 0.27* 11 1.7 4.3 7.8 7.8

Calcium mg 200* 260* 525 525 525 525

Phosphorus mg 100* 275* 400 400 400 400

Sodium mg 120* 370* 210 280 320 350

Magnesium mg 30* 75* 55 60 75 80

Zinc mg 2* 3 4 4 5 5

*, denotes AI; ^, 10mcg vitamin D in the form of cholecalciferol is equivalent to 400 IU.

Values reflect enteral intake. United States RDA and AI values from the national academy of sciences’ dietary reference intakes.1 European union

RNI values from the European food safety authority dietary reference Values.2

AI, adequate intake; the observed or approximated daily intake of a nutrient by a group of healthy individuals; IU ¼ international units; RDA,

Recommended dietary allowance; intake required to meet the needs of nearly all (97%e98%) healthy individuals in a population; RNI, Reference

nutrient intake; similar to RDA.
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TABLE 1.2 Composition (amount per 100 kcal) of select nutrients in mature breast milk (after 2e4 weeks), cow milkebased formula, whole cow milk, and almond “milk.”

Amount per 100 kcal Mature breast milk Cow milkebased formula Whole cow milk Almond “milk”

Volume (mL) 150 150e160 167 400e800

Protein (g) 1.3e1.6 2e2.3 5.1e5.7 1.5e2.5

Fat (g) 5 5.1e5.6 5e5.7 4.2e7.5

Carbohydrate (g) 10.3 10.7e11.6 7.3e8 5e13.4

Folic acid (mcg) 12e21 15e16 8* N/A

Vitamin B12 (mcg) 0.15 0.26e0.33 0.56e1.2 0

Iron (mg) 0.05e0.14 1.5e1.9 0.08 0e0.36

Zinc (mg) 0.1e0.5 0.65e0.8 0.6 N/A

Sodium (mg) 18e38 25e27 83e192 170e450

Vitamin D (IU) 3 60e75 100^ 40e100^

Reference(s): AAP Pediatric Nutrition, 7th
Edition, Current Diagnosis and

Treatment Pediatrics, 24th Edition

enfamil.com, gerber.com,
abbottnutrition.com

horizon.com, Current Diagnosis
and Treatment Pediatrics, 24th
Edition

silk.com, pacificfoods.com,
bluediamond.com

N/A, not available.

* Goat milk contains only 3.3 mcg folate per 100 kcal.
^Reflects fortification.
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milk, which may account for differences in bioavail-
ability. The effects of these differences on long-term
health are unknown, including how they may
contribute to the variability in outcomes between
formula and breastfed infants. For example, there is a
known association between high protein intake early in
life with higher fat mass, which may lead to increased
risk for later obesity.19,35 Although parents may ask for
specific brand recommendations, most standard
formulas are nutritionally equivalent. The Infant

Formula Act, passed in 1980, regulates the acceptable
ranges of nutrient content of any product labeled as an
infant formula.

Preparation; Most powdered formulas in the United
States use 2 ounces of water for every 1 scoop of powder
to yield 19e20 kcal/oz. Some amino acidebased
formulas are prepared with 1 ounce of water for every
1 scoop of powder or require packed scoops. Formulas
imported from other countries may also be prepared in

TABLE 1.3 Different types of infant formulas, clinical indications for use, and composition.

Formula type Clinical uses Composition Examples

Premature
24þ kcal/oz

Premature hospitalized infants Higher % of MCT, higher protein,
calcium, phosphate, vitamins A
and D, zinc, folate, iron; reduced
lactose

Similac Special Care
Enfamil Premature
Gerber Good Start Premature

Transitional (preterm after
discharge)
22 kcal/oz

Preterm infants after discharge
until 1 year corrected gestational
age. Not to be used as a higher
calorie alternative for term
infants.

Higher % of MCT; higher protein;
higher calcium, phosphorus,
vitamins A and D, zinc, iron, and
folate

EnfaCare
NeoSure

Standard
19e20 kcal/oz

Appropriate for most term
infants.

Cow milkebased, intact protein Enfamil Infant, Premium,
NeuroPro
Similac Advance
Earth’s Best Organic Dairy
Formula

Low lactose Fussiness, colic, gassiness Reduced lactose content Similac Sensitive
Gerber Good Start Gentle
Earth’s Best Sensitivity

Partially hydrolyzed Term infants with reflux,
breastfed infants who require
some supplementation (use 100%
whey formula), consider for
infants with strong family or
personal history of atopic disease

Partially hydrolyzed protein;
reduced lactose; whey:casein ratio
varies, but some are 100% whey

Gerber Good Start, Gentle (100%
whey)
Similac Total Comfort
(100% whey)
Enfamil Gentlease, Reguline

Reflux Infants with spit up who do not
require acid suppression
medications

Intact protein; added rice starch;
reduced lactose

Similac for Spit Up
Enfamil AR

Soy Infants with galactosemia, lactase
deficiency, temporary lactose
intolerance following diarrheal
illness, or per family preference
(vegan/vegetarianism).
Not appropriate for premature
infants.

Intact soy protein; all are lactose
free

Enfamil ProSobee
Similac Isomil
Gerber Good Start Soy

Extensively hydrolyzed
(semielemental)

For infants with malabsorption,
short gut syndrome, milk protein
intolerance

Extensively hydrolyzed protein.
Some have high MCT.

Nutramigen (not high MCT)
Alimentum
Pregestimil

Amino acidebased (elemental) For infants with malabsorption,
short gut syndrome, and milk
protein intolerance in which
hydrolyzed formulas are not
tolerated.

100% free amino acids; lactose
free, contains MCT

Elecare Infant
Neocate Infant PurAmino
Nestle Alfamino

Examples of each type are given, although it is not meant to be an exhaustive list especially as products change frequently.

Note that mention of trade names does not imply endorsement. MCT, medium-chain triglycerides. Table complied with assistance from Bridget Young, PhD; Jill Nyman,

RD; Kelly Klaczkiewicz, RD; Alexandra King, MD; Jaime Moore, MD; and Liliane Diab, MD.
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a different manner, so the container should be examined
for instructions. The water should always be measured
first, with the powder added second.16 Once prepared,
formula can be refrigerated for up to 24 h and then dis-
carded. If the baby only partially consumes a bottle, the
remaining formula should be thrown away after
approximately 1 h.3,16 Formula should never be warmed
in the microwave.

Soy formula; Soy formula is an acceptable option for
families that prefer to avoid cow milk for personal or
religious reasons, such as following a vegan diet, as
well as for infants with the rare conditions galactosemia
or lactase deficiency.16,36 Soy formula may also be an op-
tion for infants with milk protein allergy, although since
there is a 30%e50% chance of soy intolerance in these in-
fants, an extensively hydrolyzed formula is a more
appropriate alternative in most cases (see text on MPI
given below).33,36 Soy formula is not recommended for
premature infants as their kidneys are unable to handle
the higher levels of aluminum that soy formula con-
tains.16 Soy formula supports infant growth similarly
to cow milkebased formulas.36e38 Although animal
studies showed an association between ingestion of
soy-based phytoestrogens and infertility, studies in
humans have not shown evidence of short- or long-

term effects on growth, bone mineralization,
reproduction, or neurodevelopment.33,36,39

Hydrolyzed and amino acidebased formula; Hydrolyzed
formulas are heat and enzymatically treated to break
down proteins, specifically casein, into oligopeptides.
Formulas may be either partially hydrolyzed (PHF) or
extensively hydrolyzed (EHF). Elemental/amino acide
based formulas contain only individual free amino
acids.33 PHFs are generally similar in price to cow
milk formulas, while EHF and amino acidebased
formulas may be 2e3 times the cost.40 These formulas
also support normal infant growth and may more closely
mimic the slower weight gain patterns seen in breastfed
infants.41,42 This is of particular interest in the setting of
increased prevalence of childhood obesity, since early
rapid weight gain in infancy is a known risk factor.19

One study of about 80 infants found that those fed a
cow milkebased formula demonstrated rapid weight
gain, while those fed EHF did not.42,43 This same group
also investigated neurodevelopment differences between
these two feeding groups. Infants fed EHF for at least
1 month showed slightly improved gross motor and
visual reception scores compared to exclusive cow milk
formula feeding.44 The differences were small and
unlikely to be clinically significant, but additional studies
may help clarify the ideal formula composition (see
Research Gaps at the end of this chapter).

There are several indications for use of hydrolyzed
and elemental formulas. EHF and elemental formulas
(but not PHF) are useful for cowmilk protein intolerance
(MPI) as discussed in more detail below.33 Multiple ran-
domized control trials and meta-analyses have also
demonstrated benefit of PHF (but not EHF) formulas
in reducing atopic dermatitis in high-risk infants (those
with severe eczema or a first-degree relative with
anaphylactic food allergy),41,45,46 although recent ana-
lyses and long-term follow-up studies have called these
conclusions into question.47 Other atopic diseases such
as asthma have not been as well studied. The American
Academy of Pediatrics has concluded that there is not
enough evidence to support recommendation for infants
at high risk of atopic disease.47 However, others have
argued that PHFs are not significantly more expensive
than cow milk formula and there does not appear to
be evidence of harm and therefore recommend their
use.45,46

Prebiotic and probiotic additives; Human milk contains a
wide variety of bacteria as well as bioactive components,
such as lactoferrin, that support growth of healthy bac-
teria. The infant intestinal microbiome varies based on
feeding type, and its importance for development of
innate immunity and long-term health is being
increasingly recognized.48 To help promote growth of
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commensal bacteria in formula-fed infants to more
closely reflect those of breastfed infants, pre- and
probiotics are often added to formulas.33,49 Overall, the
data are mixed as to whether there is a benefit to the
use of probiotics. Meta-analyses are difficult due to
relatively small sample sizes, the wide variety of
strains used, and differing outcome measures.48e51

There is some evidence that giving Lactobacillus to
breastfed infants may reduce colic, but these results
have not been replicated in formula-fed infants.52

Preterm infants may benefit from probiotic
administration. Limited evidence from meta-analyses
supports a reduced incidence of necrotizing enter-
ocolitis, late-onset sepsis, and mortality, particularly in
infants weighing less than 1500 g at birth, but efficacy
varies among strains and more work is needed to
precisely develop treatment regimens.50,51,53 Less is
known about prebiotics, but they may be a safer
option for premature infants. There have been reports
of probiotic-related sepsis in this relatively immuno-
compromised population51 and concerns about
transference of antibiotic resistance.48,54 For these
reasons, prebiotics warrant further investigation.

Other bioactive compounds; There are numerous non-
nutritive components within breast milk that are absent
from formula and which are thought to influence
development and immunity. It is possible that these
factors may be responsible for some of the differences
noted between breast- and formula-fed infants.
These components include cells, immunoglobulins,
cytokines, growth factors, hormones, human milk
oligosaccharides, and many others.55 Formula
manufacturers have interest in adding some of these
components to their products. For example, milk fat
globule membranes (MFGM) are bioactive lipid
membranes present in breast milk, which have
recently been isolated from bovine milk and added to
some formulas.56 There is some evidence that addition
of MFGM to formula reduces incidence of acute otitis
media57 and improves cognitive outcomes.58 However,
the vast majority of clinical research findings on
MFGM stems from one randomized controlled trial,
which also adjusted macronutrient composition of the
experimental formula,58 making the conclusions and
associations difficult to interpret.

Homemade formula; There is recent interest in homemade
formulas, which typically involve a combination of raw
cow, goat, or plant-based “milk,” cod liver oil, molasses,
and other ingredients. Multiple recipes are available
online. There are significant risks from using a
homemade formula. Raw animal milk can contain
bacteria such as Listeria or Salmonella, which can cause
devastating infections, including meningitis, in infants.

Unmodified cow and goat milk contain high
concentrations of protein, sodium, and other minerals
(Table 1.2), which increase the renal solute load and
can cause electrolyte imbalances.3 Goat milk is
particularly low in folate, which can cause deficiency
and macrocytic anemia.34 Plant-based “milks” are low
in calories and fat, have incomplete protein, and are
often high in sodium (Table 1.2). They are unsuitable
for infant feeding. Finally, mixing the formula
incorrectly can put unnecessary stress on infant
kidneys and intestines and may not provide sufficient
calories.3 Use of all of these formulas should be
discouraged in all situations, especially when used as
the sole food for the young infant.

D. Premature Infants

The third trimester of gestation is characterized by
significant fetal growth, bone mineralization, transfer
of nutrients to build stores, and lung maturation. The
unique nutritional needs of premature infants stem
from needing to mimic this third trimester to adequately
support growth.59 About half of premature infants have
growth restriction at the time of hospital discharge,
although the prevalence is decreasing.60 Much of this
growth failure results from inadequate nutrition and
is, therefore, preventable.61,62 There are relatively high
protein and caloric requirements to support appropriate
growth.59,61,63 These amounts may be further increased
in times of significant illness and stress.64 Table 1.43 lists
consensus recommended intakes for premature infants
based on weight.

Parenteral nutrition

Infants born before 33e34 weeks gestation are un-
likely to tolerate full enteral feeds at birth, and early
initiation of parenteral nutrition (PN) is an important
aspect of their care.65 Calorie intake from PN should
be 90e105 kcal/kg/day for infants weighing 1000e
1500 g, and 105e115 kcal/kg/day for infants with a
weight below 1000 g.3,65 Calorie composition is similar
in premature and term infants. About 30%e40% of total
calories should be from lipids, 10%e20% from protein,
and the remaining calories derived from dextrose. Better
tolerance is achieved with a 20% lipid preparation,
which can be initiated at 1e2 g/kg/day and increased
to goal intake.3,65 Protein administration can be started
directly at goal intake, with higher needs in more prema-
ture, smaller infants.3,59,65 Sodium administration is
initially restricted until the initial diuresis has begun
as measured by increased urine output and weight
loss.3 See Table 1.4 for micronutrient and vitamin recom-
mendations specific to PN.
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Enteral nutrition

Introduction of feeds; Early and progressive initiation of
enteral feeds in premature infants, particularly mother’s
ownmilk, has multiple benefits including decreased risk
of necrotizing enterocolitis, decreased total central line
days, and improved growth.3,62,66 It is important to
introduce enteral feeds within the first few days of life,
ideally within the first day,61 as infants with delayed
enteral feeding take longer to establish full feeding.67

Neonatal intensive care units should develop and follow
a feeding protocol that addresses progression of
volumes, timing of feeds, and introduction of forti-
fication. Careful attention should be paid to the infant’s
total fluid volume, caloric, and protein intake as PN is
decreased and enteral intake increased.3,61

Maternal milk;Whenever available, mother’s own milk is
preferred for all feeds as it has numerous benefits in pre-
mature infants including protection against necrotizing

enterocolitis, late-onset sepsis, and possibly improved
neurodevelopment.24,63,66,68,69 In addition, the breast
milk of mothers who have premature infants differs
from those who gave birth at term. Breast milk
produced in the first month after premature birth
contains higher immunologically active proteins
(including immunoglobulin A), growth factors, total
protein, and oligosaccharides compared to mature
milk.3,30 Colostrum should be administered in the
mouth as soon as it is available to provide important
immune system benefits.62 Although infants may show
slightly better growth with formula feeding during
hospitalization,70 the other risks of formula feeding
outweigh these growth benefits, and breast milk should
be used when possible. To meet the higher nutrient
requirements of the preterm infant, human milk requires
fortification,1,24,71 discussed in detail below. Despite the
known importance of receiving maternal milk, rates
of breastfeeding in premature infants remains low.72

TABLE 1.4 Consensus recommendations for enteral and parenteral nutrition in premature infants are based on
current body weight.

Enteral Parenteral

Macronutrients Units Weight <1000 g Weight 1000e1500 g Weight <1000 g Weight 1000e1500 g

Energy kcal/kg/day 130e150 110e130 105e115 90e100

Carbohydrate g/kg/day 9e20 7e17 13e17 9.7e15

Fat g/kg/day 6.2e8.4 5.3e7.2 3e4 3e4

Protein g/kg/day 3.8e4.4 3.4e4.2 3.5e4.0 3.2e3.8

Micronutrients

Vitamin A IU/kg/day 700e1500 700e1500

Vitamin C/ascorbate mg/kg/day 18e24 15e25

Vitamin D IU/kg/day 150e400 40e160

Vitamin E IU/kg/day 6e12 2.8e3.5

Vitamin K mcg/kg/day 8e10 10

Folate mcg/kg/day 25e50 56

Iron mg/kg/day 2e4 0.1e0.2

Calcium mg/kg/day 100e220 60e80

Phosphorus mg/kg/day 60e140 45e60

Sodium mg/kg/day 69e115 69e115

Potassium mg/kg/day 78e117 78e117

Magnesium mg/kg/day 7.9e15 4.3e7.2

Zinc mg/kg/day 1e3 0.4

Choline mg/kg/day 14.4e28 14.4e28

Carnitine mg/kg/day 2.9 2.9

Taurine mg/kg/day 4.5e9.0 1.88e3.75

Adapted from Pediatric Nutrition 7th Edition from the American Academy of Pediatrics.3
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Access to breastfeeding education, lactation consultants,
electric double breast pumps, and private spaces to
express milk are extremely important to adequately
support mothers while their child is hospitalized.1,72,73

Early and continuous skin-to-skin contact between
mother and infant (kangaroo care) has also been shown
to improve breastfeeding rates in multiple studies.74

Donor milk; The use of banked DHM for premature
infants has grown in popularity over the last decade3,30

due to small but consistent clinical benefits.68,69 DHM
typically performs better than formula, but slightly
less well than mother’s own milk, at reducing morbidity
and mortality.29,62,68,69 Meta-analyses show that,
compared to formula, exclusive human milk (whether
fresh or pasteurized) reduces bronchopulmonary
dysplasia,75 necrotizing enterocolitis,68 and late-onset
sepsis.69 Because of these findings, DHM has become
standard of care when maternal milk is unavailable,
especially for infants born weighing less than
1500 g.1,30 DHM is known to have altered composition
compared to fresh preterm human milk including
lower fat, protein, and calories,29,30 which may account
for the faster weight gain in neonates receiving
mother’s own milk compared to DHM.29 The
pasteurization process used for DHM also impairs its
bioactive properties28e30 and slightly influences
micronutrient composition.76,77 However, knowledge
gaps remain regarding which clinical variations are
attributable to pasteurization versus other differences
such as freeze-thaw cycles, container transfers, or
composition differences between the infant’s own
mother’s milk versus that from mothers of older term
infants.29,30

Fortification; Although human milk is the preferred food
for the preterm infant, it requires fortification, specifically
calories, protein, zinc, calcium, and phospho-
rous.1,33,71,78 Options for fortification include human
milk fortifiers and cow milkebased fortifiers, usually
either in a powdered or concentrated liquid form. Due
to challenges with sterilization of powdered products,
liquid fortifiers are generally preferred.61,71 An addi-
tional benefit of liquid protein fortifiers is the increased
protein provided: 1.7 g of protein per 100 mL of milk,
compared to powdered products which supply about
1 g per 100 mL.61 Fortifier is typically added to human
milk once the infant is tolerating 80e100 mL/kg/day
of enteral feeds.1 Human milk fortifiers vary in their
iron content. Because premature infants have higher
iron needs (approximately 2e4 mg/kg/day),3 their iron
status needs to be followed with measurement of hemo-
globin, ferritin, and a marker of inflammation. Iron sup-
plements can be given separately from enteral feeds if a
noniron-containing fortifier is used.

Assessing growth

During hospitalization, premature infants should have
their growth followed closely with daily weights and
weekly length and head circumference measurements.
These points are plotted on premature infant-specific
curvesbygestational age.79 Various options exist including
the Fenton curves,80 Olsen,81 INTERGROWTH-21st,82 and
others. Although these curves have differences, a com-
monality is approximate goal growth of 15e20 g/kg/
day.1

After discharge

Outpatient providers should continue to correct
growth for prematurity until 2e3 years of life. Prema-
ture infants continue to need more calories, protein,
iron, calcium, zinc, and phosphorous compared to in-
fants born at term. Special formulas (Table 1.3) contain
the appropriate balance of macro- and micronutrients
to support growth of these babies. Premature formulas
contain 22 kcal/oz, compared to 19e20 kcal/oz for stan-
dard formulas as well as more protein, calcium, and
phosphorous.33,63 Breastfed premature infants can con-
tinue to do so by giving expressed breast milk fortified
to 22 or 24 kcal/oz with a premature formula or by
substituting 2e3 feeds per day with a premature infant
formula.1 They should also receive an iron supplement
(2 mg/kg/day) as even late preterm infants are at risk
for early iron deficiency,1,16,62 as well as a vitamin D
supplement similar to term breastfed infants.83

E. Inborn Errors of Metabolism

There are multiple inborn errors of metabolism that
require dietary modification early in infancy. Discussion
of the specific symptoms and diagnosis of these disor-
ders is beyond the scope of this text. Generally, however,
infants may present with feeding difficulties, lethargy,
vomiting, rapid breathing, and in some cases seizures.84

The first error of metabolism which was approved for
newborn screening was phenylketonuria (PKU), a
congenital absence of the enzyme phenylalanine hy-
droxylase which is required for conversion of the amino
acid phenylalanine to tyrosine. Toxic levels of phenylal-
anine will begin to accumulate if PKU is not diagnosed
early, and children can suffer irreversible brain
damage.85,86 Fortunately, long-term adherence to a diet
low in phenylalanine can lead to normal or nearly
normal growth and development.85,87 Previously, in-
fants were placed on low-phenylalanine formulas and
counseled against breastfeeding, partially due to the
increased difficulty in controlling phenylalanine intake.
However, regimens have been developed to augment
breastfeeding with phenylalanine-free formula and an
amino acidebased protein supplement.24,88 A small
study showed that breastfeeding resulted in slightly
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better serum phenylalanine control.87 More research
with a larger sample size is needed, and a consensus
should be established as feeding practices are widely
variable.89 No matter which feeding method is utilized,
infants diagnosed with PKU will need to have phenylal-
anine levels and long-term growth closely followed by a
pediatric metabolic disease specialist. Multiple applica-
tions for electronic devices are available, which allow
families to track phenylalanine intake and help with di-
etary planning.

Breastfeeding is not well studied in other metabolic
disorders. Most inborn errors of metabolism can include
some breastfeeding and close monitoring,88 but consul-
tation with a metabolic specialist is recommended.
Two notable exceptions are galactosemia and congenital
lactase deficiency. Galactosemia is a congenital inability
to properly metabolize the sugar galactose due a com-
plete absence of galactose-1-phosphate uridylyltransfer-
ase (GALT) enzymatic activity. Because the primary
sugar in breast milk is lactose (glucose þ galactose),
galactosemia is a true contraindication to breast-
feeding.16,24,88 Congenital lactase deficiency is also a
contraindication since these children are unable to break
down lactose and present with severe watery diarrhea.90

Both of these conditions are extremely rare. There is
recent evidence that children with Duarte galactosemia
(characterized by partial impairment GALT activity)
may not have adverse developmental outcomes when
exposed to galactose in formula or breast milk.91

III. NUTRITIONAL REQUIREMENTS

A. Basis for Key Nutrient Recommendations

Global differences

There are differences among international expert
committees regarding recommended intakes for infants,
which also vary by age. See Table 1.1 for additional
information.

Supplementation

Vitamin D supplementation; Breast milk is low in vitamin
D, particularly since many women have marginal
vitamin D status themselves. The American Academy
of Pediatrics recommends that all infants who are exclu-
sively breastfed receive vitamin D supplementation of
400 IU daily.1e3,34,92 One randomized clinical trial
showed noninferiority of maternal supplementation
with 6400 IU/day of vitamin D3.93 This has the added
benefit of addressing maternal vitamin D deficiency,
but evidence is currently too limited to support this as
a sufficient and reliable alternate vitamin D source.16

Iron supplementation; The iron stores conferred during
the third trimester and through delayed cord clamping

begin to be depleted by 4e6 months of age in healthy,
term, breastfed infants.94,95 Humanmilk contains a small
amount of iron (<0.5 mg/L). Although the iron has
favorable bioavailability, human milk becomes inade-
quate after the third trimester endowment is exhausted.
Iron-containing complementary foods, such as red meat,
lentils, soybeans, dark leafy greens, and fortified foods
like infant cereals, are therefore critical sources of iron
in breastfed infants and should be prioritized.95 An
iron supplement can be initiated with a liquid vitamin,
but there are few data to show benefit of universal iron
supplementation in high-resource settings. There is
evidence in low-resource settings that excess iron in
nonanemic older infants and young children may cause
harm.96,97 Iron deficiency is specifically addressed later
in this chapter. It is worth noting that many infant
multivitamins with iron also contain vitamin D, so any
separate vitamin D supplements can be discontinued.
Healthy term infants consuming iron-fortified formulas
do not need additional supplementation but should
also be provided iron-containing foods. Premature
infants have higher iron needs as discussed earlier.

Risk of micronutrient deficiencies

Iron; Iron deficiency without anemia has been shown to
alter neurodevelopment and to result in deficits which
persist beyond successful treatment.98e100 It is therefore
important to detect and treat promptly. Risk factors for
iron deficiency include exclusive breastfeeding,
maternal iron deficiency, premature birth, small-for-
gestational age or birth weight below 2500 g, low
intake of high iron complementary foods, rapid rate
of growth, and elevated BMI z-score.94,100,101

Although it is common in the United States to test
hemoglobin concentration around 1 year of life, this
alone is not sufficient screening for iron deficiency, as
many other conditions can cause anemia and iron
deficiency can be present without anemia.102 One
study looked at using serum ferritin in a primary care
setting and found that screening around 15e18 months
of age had greater sensitivity and specificity to detect
iron deficiency compared to hemoglobin.102 However,
breastfed infants are at risk as early as 6e8 months, so
this timeline would be too late for universal screening.
A more appropriate scenario would be development of
different screening guidelines for breast versus
formula-fed infants. The overall risk of iron deficiency
for formula-fed infants in the first year of life is
minimal due to the high iron content of US formulas.
However, formula-fed infants can develop deficiency
after stopping formula if there is insufficient iron
intake from food. Prevention of iron deficiency starts
prior to birth, with supplementation of iron-deficient
mothers during pregnancy. Delayed cord clamping
also reduces risk for iron deficiency, especially in
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breastfed infants.100,103 For repletion of iron, start
3e6 mg/kg/day divided into twice daily dosing after
resolution of acute inflammatory processes.21

Zinc; Zinc is a micronutrient critical for proper growth,
taste, and function of the gastrointestinal tract and the
immune system.78,95 Clinical presentation of mild to
moderate zinc deficiency is most common and typically
includes such nonspecific signs as growth impairment
(both weight and linear), loss of appetite, and immune
impairment. Severe deficiency is characterized by an
erythematous eczematous skin rash on the extremities
and around the mouth and perineum, weakened immu-
nity, and diarrhea.21,78 The best dietary sources of zinc
for complementary foods include meats and some
brands of fortified infant cereals. Fruits and vegetables
are low in zinc content. Although zinc is moderately
high in whole grains and legumes, bioavailability from
these sources is low. Children raised on a vegan/
vegetarian diet are at risk for deficiency, especially if
exclusively breastfed from 0 to 6 months and with
continued predominant breastfeeding thereafter.78

Parents should be counseled on ways to increase zinc
intake from foods such as fortified cereals, lentils, nut
butters, and, if not restricting these foods, meats and
eggs. Providers should have a low threshold for starting
zinc supplementation particularly for children with
growth concerns (starting dose: 1 mg elemental Zn/
kg/day).21 Most, if not all, liquid infant multivitamins
do not contain zinc. Liquid zinc supplements (e.g.,
15 mg elemental zinc per 10 drops) are available online
and are less expensive than prescription formulations.

Vitamin B12; Deficiency in vitamin B12 is primarily an
issue in children who are exclusively breastfed and
who then receive complementary foods absent of all
animal products.21,34 Deficiency occurs more readily in
infants compared to adults.34 There are several products
currently available for vitamin B12 supplementation.
Zarbee’s Naturals Baby Multivitamin with Iron
Supplement and NovaFerrum Multivitamin with Iron
Pediatric drops contain vitamin B12. Of note, Enfamil’s
Poly-Vi-Sol without iron includes vitamin B12; the
version with iron does not.

Other micronutrients;Deficiencies of other micronutrients
and vitamins are less common, although specific
situations that may increase an infant’s risk exist. The
following list is not exhaustive but illustrates some
important clinical scenarios that should heighten
concern for deficiencies. Exclusively breastfed infants
who do not receive intramuscular vitamin K prophy-
laxis at birth can present with bruising or bleeding due
to deficiency; the most devastating sequela is intracra-
nial hemorrhage.21,34 Vitamin A, copper, and selenium

deficiency can develop in premature infants in associa-
tion with inadequately supplemented PN. Premature
infants are also at risk for calcium and phosphorus
deficiency if fed unfortified breast milk. Renal disease
predisposes to magnesium and selenium deficiencies.
Lastly, maternal insufficiency or deficiency can pre-
dispose breastfed infants to many micronutrient
deficiencies including vitamin B12, thiamin, and
iodine.21

B. Dietary Guidance

Practices

Expected calories/volumes; A common question parents
ask is how much their baby should be consuming.
Parents should be encouraged to focus on responsive
feeding, such as watching for satiety cues, rather than
focusing on exact numbers. Clinical providers should
use weight and growth trends to assess adequacy of
intake. Recommendations based purely on caloric intake
can result in overfeeding, which carries its own risks.
As a guide, approximate caloric intake and expected
volumes by age are shown in Table 1.5.1,21

Complementary foods; The introduction of complemen-
tary foods is recommended to start by approximately
6 months. Infants are generally ready to trial solid foods
if they have good head control while upright, can sit
with support, seem interested in food, willingly open
their mouth to accept a spoon, and have lost the tongue
extrusion reflex (where the tongue protrudes from the
mouth to remove nonliquids).16 Biologically, breast
milk becomes an inadequate source of calories,
iron and zinc around this 4e6 month window.78,95

Introducing solid foods earlier than 4 months may be
associated with obesity95 while waiting much beyond
6 months may lead to micronutrient deficiencies, poor
growth, and feeding rejection and difficulties.16

The foods that should be emphasized differ in
formula versus breastfed infants. Exclusively breastfed
infants are dependent on complementary foods for
adequate intake of zinc and iron.95 It is therefore impor-
tant to include foods such as meat, eggs, fortified cereals,
and dark green vegetables with early feeding experi-
ences. The variety of foods introduced is less critical to
meet nutrient needs in formula-fed infants, but exposure
to a diversity of flavors and textures is important.
However, emerging data suggest that protein quality
may impact long-term growth.104,105 Whole, unpro-
cessed foods without added sugar should be prioritized
for both formula-fed and breastfed infants.95 Other than
honey and choking hazards (highest risk foods are hot
dogs, whole nuts/seeds, carrots, popcorn, hard
candy/gum, apples, and whole grapes3), no specific
foods or food groups are off limits for introduction.
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TABLE 1.5 Average calorie requirements and estimated volumes for infants by age.

Breastfed Formula

Age

Average calorie requirement

(kcal/kg/day)

Approximate volume per day

(mL)* Feeds per day Estimated volume per feed Feeds per day Volume per feed

0e24 h >6 Drops 5e10 mL

24e48 h >8 5 mL 10e20 mL

48e72 h >8 15 mL 20e30 mL

72e96 h 8e12 30 mL 30e40 mL

4e9 days 8e12 30e50 mL 40e50 mL

10e30 days 120 740e800 8e12 2e4 oz 6e8 2e4 oz

1e2 months 115 880e950 8e12 3e5 oz 5e7 3e5 oz

2e3 months 105 910e1010 8e12 4e6 oz 4e6 4e7 oz

3e4 months 95 910e1010 8e12 4e6 oz 4e6 5e8 oz

4e6 months 95 1025e1055 6e10 4e6 oz 4e6 6e8 oz

6e12 months 90 (70 from milk/formula) 575e630 5e8 4e6 oz 3e5 6e8 oz

References Current Diagnosis and Treatment Pediatrics, 24th Edition,4 Breastfeeding Handbook for Physicians, 2nd edition5

Targeting caloric intake alone can result in overfeeding, which can result in detrimental health outcomes. Breast- and formula-fed infants will have different feeding patterns. Note that from 24 to 48 h of life, infants

may breastfeed up to every hour before the milk comes in. This is important to stimulate milk production and does not indicate that supplementation is necessary.

* calculated by taking average kcal/kg/day and multiplying by 50th percentile weight for both males and females to obtain kcal/day.
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The general recommendation is to introduce only one
new food every few days to be able to identify the source
of an allergic reaction.3 Older infants can be offered
small amounts of water (1e2oz) in a cup with meals
but should not be given other liquids including cow
or other animal milk, plant-based milks, or sugar-
sweetened or carbonated beverages. Fruit juice is also
not recommended before the age of one.3,95,106

Introduction of highly allergenic foods; Infants with severe,
difficult-to-control eczema or with a strong family
history of anaphylactic food allergies are at high risk for
developing food allergies.47,107 Although delaying
introduction beyond 1 year was previously recomm-
ended for highly allergenic foods (particularly peanuts
and eggs, but also milk, shellfish, sesame, soy, tree nuts,
and wheat), randomized trials have now shown that
earlier introduction is likely to be protective against
future food allergies in high-risk infants.47,107e109 High-
risk children should be referred to a pediatric allergy
specialist around age 4e6 months to guide introduction
of allergenic foods.16,107 Ideally, these infants would
have skin or serum testing prior to introduction of
peanuts.47,107 For lower-risk infants, small amounts of
highly allergenic foods can be introduced at home in
age-appropriate forms with the serving size increased
over time if no signs of allergy are seen.16,47,107

Vegan/vegetarian diets; The specific foods that are avoided
are variable among individuals who use vegan or
vegetarian to describe their diets.3 It is necessary to
clarify with parents what foods are eliminated. Iron
and zinc are often a concern for vegan/vegetarian
infants over 6 months if they have been primarily
breastfed. This is because the best sources of these
micronutrients are meats (if formula-fed, this not an
issue as discussed elsewhere in this chapter).
Absorption of plant-based iron is increased by
combining iron sources with coingestion of vitamin C
and separated from high calcium sources. Vitamin B12
deficiency occurs more readily in infants compared to
adults and can occur if there is minimal or no intake of
animal products.34 Supplementation for prevention of
micronutrient deficiencies was discussed earlier.

Issues of concern

Contraindications to breastfeeding, infant, and maternal;
There are few infant contraindications to receiving breast
milk. Galactosemia is the most commonly cited.1,16,24

Maternal contraindications are more common. There
are some infectious diseases that may require temporary
or complete avoidance of breastfeeding. Because recom-
mendations change frequently, the CDC andWHOweb-
sites can be referenced for the most up-to-date advice.
Breastfeeding mothers are often told to “pump and

dump” (i.e., express breast milk and then dispose of it)
while taking certain medications. This is often
unnecessary as most medications are safe for breast-
feeding.1 There are several references and electronic
device applications that can provide the most current
advice, including LactMed from the NIH16,24 or the
Infant Risk Center from Texas Tech University Health
Sciences Center.2 Generally, amphetamines, chemo-
therapy agents, ergotamines, and statins are not
compatible with breastfeeding.24

Recreational drugs; A rising issue in the United States
with more states legalizing marijuana (MJ) is its use by
pregnant and breastfeeding mothers. MJ and its metab-
olites are detectable in breast milk up to 6 days after the
last use.110 Many of these compounds are readily absorbed
in fat, which makes up 3%e5% of breast milk. Further-
more, although studies regarding infant outcomes are
limited,1 the infant brain contains a large percentage of
fat and may concentrate psychoactive compounds.
Women should be encouraged not to use MJ in any
form while pregnant and breastfeeding.2,16

Mothers should also be counseled against tobacco
use. However, even if there is no intention for smoking
cessation, mothers should be encouraged to continue
breastfeeding.1 Women who smoke are less likely to
breastfeed, but human milk may have added benefits
in protecting against some of the negative health effects
of tobacco smoke exposure.72 Finally, alcohol consump-
tion should be avoided or minimized. Although there
may not be an impact on long-term development,111

there is evidence that alcohol exposure can impact in-
fants including sleep patterns.112 It is generally accepted
that one to two alcoholic beverage(s) consumed at least
2e3 h prior to a nursing session results in minimal
alcohol being transferred in the breast milk and that it
is safe to do so on occasion.1,24

Breastfeeding problems; Breastfeeding mothers encounter
numerous issues. One of the most common concerns is
actual or perceived insufficient milk supply especially
in the first few weeks of life. It is normal for newborns
to feed 8e12 times in a 24 h period (Table 1.5).1,2 To assess
milk intake, follow the infant’s weight and output, look-
ing for the appearance of yellow-seedy stools around day
4e5 of life, and at least 7e8 voids in 24 h by 1 week of
life.1 Asking a mother to pump after feeds at least 2e3
times per day in addition to direct breastfeeding can
help determine and increase milk supply. This is
especially critical in late preterm infants (born at
35e36 weeks gestation) as they may have less stamina
and less effective milk transfer than term infants, which
can lead to insufficient breast emptying and therefore
inadequate stimulation of milk production. Women
who are obese, have a history of gestational diabetes, or
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have type 2 diabetes frequently have delayed onset of
lactogenesis and may need support to successfully
initiate and sustain breastfeeding. The triple feeds
approach is comprised of (1) breastfeeding, (2) bottle
feeding of human milk or formula, and (3) pumping
milk to maintain supply, and is sometimes indicated.1

To evaluate milk transfer at the breast, it can be helpful
to do a weight before and after a feed (called a test
weigh or pre/post weights); this requires a scale
accurate to 1e2 g. However, we again caution against
focusing on precise numbers and instead evaluating
latch, overall growth trend, number of stools and voids,
and infant satiety after feeding at the breast. Other
common breastfeeding concerns include pain, sleep
deprivation, returning to work, and teething.1,2,24

Providers can anticipate these challenges and counsel
mothers accordingly to encourage breastfeeding
success. For more information on these and other
breastfeeding questions, see recent reviews2,24 or the
American Academy of Pediatrics’ Breastfeeding
Handbook for Physicians for a comprehensive guide.1

There should be a low threshold to refer to a lactation
professional for evaluation and assistance.

Growth faltering;Growth faltering, commonly called FTT,
is defined as growth (whether weight, length, or weight-
for-length) below norms for age and sex3 or which
declines across more than two major percentile lines.21

It is important to ensure that the correct growth chart
(WHO curve for term infants to age 24 months) is
being used and that premature infants are corrected
for gestational age.16,24 See earlier text on Growth
monitoring for further discussion of growth assess-
ment. After the diagnosis is made, the first step is to
diagnose the underlying etiology.

Growth faltering has historically been divided into
nonorganic and organic causes although this classifica-
tion is losing popularity. Nonorganic refers to insuffi-
cient caloric intake in an otherwise normal infant or
child. The vast majority of infants will fall into this cate-
gory.21 For breastfed infants, this is most commonly due
to insufficient milk intake, whether due to ineffective
transfer of milk at the breast or low milk supply.
Weighted feedings/test weighs can be helpful to esti-
mate the volume of milk being transferred. Evaluate
the latch at the breast and listen for swallowing with
every few sucks. Encourage the mother to pump after
at least two to three feeds every day to help evaluate
and increase supply. Triple feeds as described above
can be initiated for a brief time. For formula-fed infants,
weight faltering may be due to improper mixing of for-
mula, intentional dilution of formula to try to make it
last longer due to food insecurity, or use of alternatives
(such as cow, almond, soy, or rice milk) as a substitute
for infant formula. To evaluate for these different possi-
bilities, take a 24 h feeding recall, ask how formula is

being mixed, and ask about food insecurity in the
home. Refer low-income families to the WIC program.3

The other traditional main category of FTT is due to an
“organic” cause that typically results from an underly-
ing condition that results in excessive caloric needs
(e,g., congenital heart disease), malabsorption (e.g.,
cystic fibrosis, chronic diarrhea), or underlying genetic
disorder leading to a different growth pattern.

Calorie requirements for catch-up growth are an
approximate increase of intake over and above mainte-
nance needs by 5 kcal per gram of catch-up growth
needed (i.e., per gram of weight deficit). Alternatively,
goal caloric intake can be determined by IBW instead
of current body weight. Caloric goals are intended for
clinical providers and not meant for parents to initiate
calorie counting for their infant. Increased calorie intake
can often be achieved by mixing formula or fortifying
expressed breast milk to 24e26 kcal/oz. If over
6 months, caloric intake can be increased by emphasis
on calorically dense, high fat complementary foods
(e.g., meats, eggs, nut butters, and adding oil or butter
to fruits and vegetables). Micronutrient deficiencies
should be corrected (see above).

MPI; Cow MPI occurs in about 2%e3% of formula-fed
infants33 with lower incidence in breastfed babies.2,40

The most common manifestation of MPI is blood and
sometimes mucus in the stool.16 Infants may also have
poor growth, colic, constipation, feeding refusal, or
excessive spitting up or reflux that is difficult to
control despite medical therapy.40 If the infant is being
formula-fed, an extensively hydrolyzed formula is
likely to be required.33,40 Although soy formula can be
trialed if cost or availability are major concerns,
between 30% and 50% of infants with MPI will also
have a sensitivity to soy. For the most severe cases, an
amino acidebased/elemental formula can be used. A
formula trial should last at least 1 week before
changing and declaring a treatment failure. Most
dairy-sensitive infants will also react to the milk from
other animals such as goat or sheep milk, so infant
formulas from these sources are not appropriate
alternatives. For infants who are breastfed, treatment
requires elimination of all milk products (and some-
times soy) from the mother’s diet as these proteins are
transferred into breast milk.16 Mothers should be given
a list of milk-related ingredients to avoid including
casein, lactalbumin, lactoferrin, lactulose, and rennet
casein.40 Consider referral to a pediatric gastro-
enterologist or pediatric nutrition specialist if there is
significant weight loss, failure to gain weight or failure
of symptom resolution despite adherence to dietary
restrictions, or feeding aversion.16,40 Since most babies
outgrow MPI, it is generally safe to trial reintroduction
of milk products around the age of 1 year with
monitoring of symptoms.16,40
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C. Other Guidance

Beyond one year: transition to toddler diet

Breastfeeding can be continued for as long as it is
mutually desired by mother and child. There are
continued benefits to breastfeeding beyond 1 year and
the WHO recommends breastfeeding until 2 years and
beyond.113 Excessive human milk intake at the expense
of other foods can impact the total daily intake and
lead to poor weight gain and/or micronutrient defi-
ciencies. It is therefore recommended that some struc-
ture in feeding schedule be placed after 12 months of
age so that the child is offered table foods prior to
nursing and that the child is not allowed to frequently
consume small volumes of breast milk throughout
the day. A cup with water may be given at meals, or
cow milk can be introduced while breastfeeding is
continued. Formula-fed infants may be switched to
whole cowmilk after the age of 1 year. Alternative milks
such as soy, almond, and coconut “milk” have much
lower total and lower quality protein, as well as lower
fat content and therefore lower caloric density (Table 1.2
and Fig. 1.1). Mineral content, including sodium, also
varies widely among alternative fluids, including
several-fold differences relative to caloric intake (Ta-
ble 1.2 and Fig. 1.1). If one of these nondairy milks is
used, parents will need to plan their child’s diet care-
fully to include healthy sources of fat and complete pro-
tein to support appropriate growth and brain
development.3 Toddlers on a vegan diet will require
supplementation with vitamin B12 and possibly other
micronutrients. Many toddlers have intakes of fruits
and vegetables below recommendations, and a major
goal of early childhood feeding experiences should be
to develop acceptance of a broad range of foods and
healthy habits that can be continued throughout life.3

Emphasizing this fact with families is of primary
importance. Lastly, all toddlers also have relatively
high protein, iron, and zinc requirements compared to
adults. Diverse diets including foods from all major
food groups is a priority, with minimal intake of highly
processed foods, added sugars, salts, and refined
carbohydrates. Toddlers should be encouraged to eat
the same foods consumed by their family.

Hospitalized infant

Hospitalized infants are at risk for decreased intake
and therefore poor nutritional status, which can impair
healing and recovery particularly in critically ill
infants.114,115 Please note that nutritional support for
infants 30 days or younger typically follow neonatal
guidelines115 as discussed earlier in this chapter.

Nutritional assessment; An evaluation of the infant’s
nutritional status should first occur at the time of
admission.114,115 It should account not only for the in-
fant’s weight/growth status at that time but also for

what needs are anticipated based on the illness. Studies
have shown that a relatively high portion of children
already have some degree of malnutrition at the time
of admission.114e116 Young infants are at high risk for
rapid deterioration in nutritional status due to relatively
high requirements for normal growth. Nutritional
intake, fluid status, and the patient’s weight should be
assessed daily throughout the entire admission, and
length should be measured weekly for prolonged hospi-
talizations. Early initiation of nutrition support is impor-
tant to supporting adequate recovery. However, a large
portion of patients, especially those who are critically
ill, still do not achieve caloric and protein goals.115,116

Fluid requirements; A general rule of thumb to estimate
fluid requirements in pediatric patients is 100 mL/kg/
day for the first 10 kg of body weight; an additional
50 mL/kg/day for each kg above 10 kg; and a final
20 mL/kg/day for each kilogram over 20 kg. As many
infants weigh less than 10 kg, weight can be multiplied
by 100 mL to determine daily fluid needs.3

Calorie and protein needs; Caloric and protein needs typi-
cally increase somewhat during illness,114 with further
increased protein needs with extracorporeal membrane
oxygenation, renal dialysis, and severe burns, trauma,
or wounds. Prolonged fever increases calorie needs by
12%e13% for every degree above 37�C during the time
of critical illness. Minimum protein requirements for
ill children are 1.5 g/kg/day with intake as high as
3 g/kg/day sometimes needed to balance catabolic los-
ses.115 While it is important to not underfeed a hospital-
ized child, it is equally important not to overfeed, which
also increases morbidity and mortality.115,117 Calorie and
fluid requirements are reduced with mechanical ventila-
tion or sedation. The importance of daily assessment of
fluid and caloric intake cannot be overemphasized to
avoid either over- or underestimating nutritional support.

Enteral; When medically possible, enteral nutrition is
preferred over parenteral.115 Breastfed infants can
continue to directly breastfeed or, if receiving feeds
through a nasogastric or nasojejunal (transpyloric)
tube, can receive expressed breast milk. Mothers should
receive support from a lactation specialist in order to
discuss frequency of breast emptying via pump to main-
tain milk production.73 This is especially important if the
infant is medically prevented from having oral feeds for
a significant duration, such as prior to a procedure.
Formula-fed infants can continue to receive the same
or equivalent formula to what they are fed at home.
Overall caloric recommendations are in Table 1.5 but
need to be adjusted on a patient-to-patient basis.
Guidelines for preprocedure fasting as supported by
the American Society of Anesthesiologists include 2 h
for clear liquids, 4 h for breast milk, 6 h for infant
formula, and 8 h for everything else.118
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Parenteral; Although directly feeding the gut is ideal,
there are instances when PN will be required. Energy
requirements are approximately 10% lower with PN
due to the lack of thermic effect of food. Many micro-
nutrient requirements are also lower as the incomplete
absorption from the gut is not a factor. To determine
PN composition, first calculate total fluid and calorie
needs. About 30%e40% of total calories should be from
lipids, 10%e20% from protein, and the remaining calo-
ries derived from dextrose. Amino acids can be started

at goal in the absence of hepatic dysfunction. Start lipids
at 0.5e1 g/kg/day and increase by 1 g/kg/day to goal.
Glucose infusion rate (¼ [mL/h infusion rate � % dex-
trose]O [kg � 6]) can be increased by about 2.5%e5%
per day to goal.3 Maximumglucose infusion rate is deter-
mined by serum glucose, by the location of intravenous
line placement (i.e., central vs. peripheral), the patient’s
age, other medications, and the patient’s metabolic state
in relation to illness. Laboratorymonitoring should occur
at least daily while the PN composition is being adjusted.

RESEARCH GAPS

Although there have been significant research advances in the field of infant nutrition, there remain large knowledge gaps

(Table 1.6). Research in these areas has the potential to improve growth, development, and health from infancy and into

adulthood.
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TABLE 1.6 Important areas for future research.

Research gaps

Breastfeeding barriers and effect of maternal phenotype Overweight and obese mothers have lower rate of success.
Additionally, milk composition may be influenced, the effect of
which on the infant is not yet known.

Long-term outcomes in infants who are breastfed versus formula-fed Particularly studies into adolescence and adulthood.

Ideal formula composition What is the impact on offspring growth and obesity risk of the high
iron and protein content relative to breast milk?

Ideal complementary feeding based on feeding type Randomized control trials that investigate complementary foods
while also accounting for breast or formula feeding. Should include
body composition and long-term outcomes.

Impact of early feeding on later risk of adult-onset medical conditions Little is known about influence of early nutritional exposures on
immune development or propensity for development of cancer,
Alzheimer’s disease, kidney disease, and other conditions.

Ideal weight gain, especially in premature infants Both rapid weight gain and poor catch-up growth have risks, but it is
still not known whether growth of premature infants should target
growth rates of the fetus or another metric.

Screening for iron deficiency anemia Future studies are needed to determine the ideal time and method
for testing while accounting for primary feeding type (human milk
vs. iron-fortified formula).

Nutritional influences on disease states More research is needed to fully understand the impact of
nutrigenetics and nutriepigenetics on health and disease over the
entire life span.

Nutritional exposures on health The American Academy of Pediatrics released a statement in 2018
calling for the FDA to update the food chemical safety assessment
program and to retest chemicals already labeled as safe taking infant
and children into account.

Section A. Lifestage Nutrition and Maintaining Health

IV. References 19



6. Poquet L, Wooster TJ. Infant digestion physiology and the rele-
vance of in vitro biochemical models to test infant formula lipid
digestion. Mol Nutr Food Res. 2016;60(8):1876e1895.

7. Lindquist S, Hernell O. Lipid digestion and absorption in early
life: an update. Curr Opin Clin Nutr Metab Care. 2010;13(3):
314e320.

8. Robertson RC,Manges AR, Finlay BB, Prendergast AJ. The human
microbiome and child growth e first 1000 days and beyond.
Trends Microbiol. 2019;27(2):131e147.

9. Hill CJ, Lynch DB, Murphy K, et al. Evolution of gut microbiota
composition from birth to 24 weeks in the INFANTMET Cohort.
Microbiome. 2017;5(1):4.

10. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in
early life: implications for health outcomes. Nat Med. 2016;22(7):
713e722.

11. Pronovost GN, Hsiao EY. Perinatal interactions between the
microbiome, immunity, and neurodevelopment. Immunity. 2019;
50(1):18e36.

12. Videhult FK, West CE. Nutrition, gut microbiota and child
health outcomes. Curr Opin Clin Nutr Metab Care. 2016;19(3):
208e213.

13. Thulier D. Weighing the facts: a systematic review of expected
patterns of weight loss in full-term, breastfed infants. J Hum

Lactation. 2016;32(1):28e34.
14. Cole TJ. The development of growth references and growth

charts. Ann Hum Biol. 2012;39(5):382e394.
15. Grummer-Strawn LM, Reinold C, Krebs NF. Use of world health

organization and CDC growth charts for children aged 0e
59 months in the United States. MMWR Recomm Rep. 2010;
59(RR-9):1e15.

16. DiMaggio DM, Cox A, Porto AF. Updates in infant nutrition.
Pediatr Rev. 2017;38(10):449e462.

17. Neumann CG, Alpaugh M. Birthweight doubling time: a fresh
look. Pediatrics. 1976;57(4):469e473.

18. Demerath EW, Fields DA. Body composition assessment in the
infant. Am J Hum Biol. 2014;26(3):291e304.

19. Singhal A. Long-term adverse effects of early growth acceleration
or catch-up growth. Ann Nutr Metab. 2017;70(3):236e240.

20. Krebs NF, Himes JH, Jacobson D, Nicklas TA, Guilday P, Styne D.
Assessment of child and adolescent overweight and obesity.
Pediatrics. 2007;120(Suppl 4):S193eS228.

21. Haemer MA, Primak LE, Krebs NF. Normal childhood nutrition
and its disorders. In: Hay Jr WW, Levin MJ, Deterding RR,
Abzug MJ, eds. Lange Current Diagnosis and Treatment: Pediatrics.
24th ed. Chicago, IL, USA: McGraw-Hill Education; 2018.

22. National Academies of Sciences. Dietary Reference Intakes Tables and
Application. http://nationalacademies.org/hmd/Activities/
Nutrition/SummaryDRIs/DRI-Tables.aspx. Accessed April 1, 2019.

23. European Food Safety Authority. Dietary Reference Values.
https://www.efsa.europa.eu/en/topics/topic/dietary-refer-
ence-values. Accessed April 1, 2019.

24. American Academy of Pediatrics Section on Breastfeeding. Breast-
feeding and the use of humanmilk. Pediatrics. 2012;129(3):e827e841.

25. Flaherman V, Schaefer EW, Kuzniewicz MW, Li SX, Walsh EM,
Paul IM. Health care utilization in the first month after birth
and its relationship to newborn weight loss and method of
feeding. Acad Pediatr. 2018;18(6):677e684.

26. McFadden A, Gavine A, Renfrew MJ, et al. Support for healthy
breastfeeding mothers with healthy term babies. Cochrane Data-

base Syst Rev. 2017;2:Cd001141.
27. Eglash A, Simon L. ABM clinical protocol #8: human milk storage

information for home use for full-term infants, revised 2017.
Breastfeed Med. 2017;12(7):390e395.

28. Committee on Nutrition Section on Breastfeeding Committee on
Fetus and Newborn. Donor human milk for the high-risk infant:
preparation, safety, and usage options in the United States.
Pediatrics. 2017;139(1).

29. Hard AL, Nilsson AK, Lund AM, Hansen-Pupp I, Smith LEH,
Hellstrom A. Review shows that donor milk does not promote
the growth and development of preterm infants as well as
maternal milk. Acta Paediatr. 2019;108(6):998e1007.

30. Meier P, Patel A, Esquerra-Zwiers A. Donor human milk update:
evidence, mechanisms, and priorities for research and practice.
J Pediatr. 2017;180:15e21.

31. Keim SA, Kulkarni MM, McNamara K, et al. Cow’s milk contam-
ination of human milk purchased via the internet. Pediatrics. 2015;
135(5):e1157e1162.

32. Keim SA, Hogan JS, McNamara KA, et al. Microbial contamina-
tion of human milk purchased via the Internet. Pediatrics. 2013;
132(5):e1227e1235.

33. Martinez JA, Ballew MP. Infant formulas. Pediatr Rev. 2011;32(5):
179e189. quiz 189.

34. Diab L, Krebs NF. Vitamin excess and deficiency. Pediatr Rev. 2018;
39(4):161e179.

35. Rzehak P, OddyWH,MearinML, et al. Infant feeding and growth
trajectory patterns in childhood and body composition in young
adulthood. Am J Clin Nutr. 2017;106(2):568e580.

36. Vandenplas Y, Castrellon PG, Rivas R, et al. Safety of soya-based
infant formulas in children. Br J Nutr. 2014;111(8):1340e1360.

37. Andres A, Cleves MA, Bellando JB, Pivik RT, Casey PH,
Badger TM. Developmental status of 1-year-old infants fed breast
milk, cow’s milk formula, or soy formula. Pediatrics. 2012;129(6):
1134e1140.

38. Mendez MA, AnthonyMS, Arab L. Soy-based formulae and infant
growth and development: a review. J Nutr. 2002;132(8):2127e2130.

39. Testa I, Salvatori C, Di Cara G, et al. Soy-based infant formula: are
phyto-oestrogens still in doubt? Front Nutr. 2018;5:110.

40. Brill H. Approach to milk protein allergy in infants. Can Fam

Physician. 2008;54(9):1258e1264.
41. Sauser J, Nutten S, de Groot N, et al. Partially hydrolyzed whey

infant formula: literature review on effects on growth and the
risk of developing atopic dermatitis in infants from the general
population. Int Arch Allergy Immunol. 2018;177(2):123e134.

42. Mennella JA, Inamdar L, PressmanN, et al. Type of infant formula
increases early weight gain and impacts energy balance: a ran-
domized controlled trial. Am J Clin Nutr. 2018;108(5):1015e1025.

43. Mennella JA, PapasMA, Reiter AR, Stallings VA, Trabulsi JC. Early
rapid weight gain among formula-fed infants: impact of formula
type and maternal feeding styles. Pediatr Obes. 2019;14:e12503.

44. Mennella JA, Trabulsi JC, Papas MA. Effects of cow milk versus
extensive protein hydrolysate formulas on infant cognitive
development. Amino Acids. 2016;48(3):697e705.

45. Alexander DD, Schmitt DF, Tran NL, Barraj LM, Cushing CA.
Partially hydrolyzed 100% whey protein infant formula and
atopic dermatitis risk reduction: a systematic review of the
literature. Nutr Rev. 2010;68(4):232e245.

46. Vandenplas Y, Latiff AHA, Fleischer DM, et al. Partially hydro-
lyzed formula in non-exclusively breastfed infants: a systematic
review and expert consensus. Nutrition. 2019;57:268e274.

47. Greer FR, Sicherer SH, Burks AW. The effects of early nutritional
interventions on the development of atopic disease in infants and
children: the role of maternal dietary restriction, breastfeeding,
hydrolyzed formulas, and timing of introduction of allergenic
complementary foods. Pediatrics. 2019;143(4). pii: e20190281.

48. Aceti A, Beghetti I, Maggio L, Martini S, Faldella G, Corvaglia L.
Filling the gaps: current research directions for a rational use of
probiotics in preterm infants. Nutrients. 2018;10(10).

49. Braegger C, Chmielewska A, Decsi T, et al. Supplementation of in-
fant formula with probiotics and/or prebiotics: a systematic re-
view and comment by the ESPGHAN committee on nutrition.
J Pediatr Gastroenterol Nutr. 2011;52(2):238e250.

50. Aceti A, Maggio L, Beghetti I, et al. Probiotics prevent late-onset
sepsis in human milk-fed, very low birth weight preterm infants:
systematic review and meta-analysis. Nutrients. 2017;9(8).

Section A. Lifestage Nutrition and Maintaining Health

1. INFANT NUTRITION20

http://nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
https://www.efsa.europa.eu/en/topics/topic/dietary-reference-values
https://www.efsa.europa.eu/en/topics/topic/dietary-reference-values


51. van den Akker CHP, van Goudoever JB, Szajewska H, et al. Pro-
biotics for preterm infants: a strain-specific systematic review
and network meta-analysis. J Pediatr Gastroenterol Nutr. 2018;
67(1):103e122.

52. Sung V, D’Amico F, CabanaMD, et al. Lactobacillus reuteri to treat
infant colic: a meta-analysis. Pediatrics. 2018;141(1).

53. Thomas JP, Raine T, Reddy S, Belteki G. Probiotics for the preven-
tion of necrotising enterocolitis in very low-birth-weight infants: a
meta-analysis and systematic review. Acta Paediatr. 2017;106(11):
1729e1741.

54. Kolacek S, Hojsak I, Berni Canani R, et al. Commercial probiotic
products: a call for improved quality control. A position paper
by the ESPGHAN working group for probiotics and prebiotics.
J Pediatr Gastroenterol Nutr. 2017;65(1):117e124.

55. Ballard O, Morrow AL. Human milk composition: nutrients and
bioactive factors. Pediatr Clin N Am. 2013;60(1):49e74.

56. Hernell O, TimbyN, Domellof M, Lonnerdal B. Clinical benefits of
milk fat globule membranes for infants and children. J Pediatr.
2016;173(Suppl):S60eS65.

57. Timby N, Hernell O, Vaarala O, Melin M, Lonnerdal B,
Domellof M. Infections in infants fed formula supplemented
with bovine milk fat globule membranes. J Pediatr Gastroenterol

Nutr. 2015;60(3):384e389.
58. Timby N, Domellof E, Hernell O, Lonnerdal B, Domellof M. Neu-

rodevelopment, nutrition, and growth until 12 mo of age in in-
fants fed a low-energy, low-protein formula supplemented with
bovine milk fat globule membranes: a randomized controlled
trial. Am J Clin Nutr. 2014;99(4):860e868.

59. Denne SC. Protein and energy requirements in preterm infants.
Semin Neonatol. 2001;6(5):377e382.

60. Horbar JD, Ehrenkranz RA, Badger GJ, et al. Weight growth veloc-
ity and postnatal growth failure in infants 501 to 1500 grams:
2000e2013. Pediatrics. 2015;136(1):e84e92.

61. Hay WW, Ziegler EE. Growth failure among preterm infants due
to insufficient protein is not innocuous and must be prevented.
J Perinatol. 2016;36(7):500e502.

62. Cleminson JS, Zalewski SP, Embleton ND. Nutrition in the pre-
term infant: what’s new? Curr Opin Clin Nutr Metab Care. 2016;
19(3):220e225.

63. Hay Jr WW, Hendrickson KC. Preterm formula use in the preterm
very low birth weight infant. Semin Fetal Neonatal Med. 2017;22(1):
15e22.

64. Ramel SE, Brown LD, Georgieff MK. The impact of neonatal
illness on nutritional requirements-one size does not fit all. Curr
Pediatr Rep. 2014;2(4):248e254.

65. Patel P, Bhatia J. Total parenteral nutrition for the very low birth
weight infant. Semin Fetal Neonatal Med. 2017;22(1):2e7.

66. Corpeleijn WE, Kouwenhoven SM, Paap MC, et al. Intake of own
mother’s milk during the first days of life is associated with
decreased morbidity and mortality in very low birth weight in-
fants during the first 60 days of life. Neonatology. 2012;102(4):
276e281.

67. Morgan J, Young L, McGuire W. Delayed introduction of progres-
sive enteral feeds to prevent necrotising enterocolitis in very low
birth weight infants. Cochrane Database Syst Rev. 2014;(12):
Cd001970.

68. Miller J, Tonkin E, Damarell RA, et al. A systematic review and
meta-analysis of human milk feeding and morbidity in very low
birth weight infants. Nutrients. 2018;10(6).

69. de Halleux V, Pieltain C, Senterre T, Rigo J. Use of donor milk in
the neonatal intensive care unit. Semin Fetal Neonatal Med. 2017;
22(1):23e29.

70. Quigley M, Embleton ND, McGuire W. Formula versus donor
breast milk for feeding preterm or low birth weight infants.
Cochrane Database Syst Rev. 2018;6:Cd002971.

71. Pillai A, Albersheim S, Matheson J, et al. Evaluation of a concen-
trated preterm formula as a liquid humanmilk fortifier in preterm
babies at increased risk of feed intolerance. Nutrients. 2018;10(10).

72. Gertz B, DeFranco E. Predictors of breastfeeding non-initiation in
the NICU. Matern Child Nutr. 2019:e12797.

73. Geraghty SR, Riddle SW, Shaikh U. The breastfeeding mother and
the pediatrician. J Hum Lactation. 2008;24(3):335e339.

74. Boundy EO,Dastjerdi R, SpiegelmanD, et al. Kangaroomother care
and neonatal outcomes: a meta-analysis. Pediatrics. 2016;137(1).

75. Villamor-Martı́nez E, PierroM, Cavallaro G,Mosca F, Kramer BW,
Villamor E. Donor human milk protects against bronchopulmo-
nary dysplasia: a systematic review and meta-analysis.
Nutrients. 2018;10(2).

76. Mohd-Taufek N, Cartwright D, Davies M, et al. The effect of
pasteurization on trace elements in donor breast milk.
J Perinatol. 2016;36(10):897e900.

77. Young BE, Borman LL, Heinrich R, Long J, Pinney S, Westcott J,
Krebs NF. Effect of pooling practices and time postpartum of
milk donations on the energy, macronutrient, and zinc concentra-
tions of resultant donor human milk pools. J Pediatr. 2019;214:
54e59.

78. Krebs NF. Update on zinc deficiency and excess in clinical pediat-
ric practice. Ann Nutr Metab. 2013;62(Suppl 1):19e29.

79. Bhatia J. Growth curves: how to best measure growth of the pre-
term infant. J Pediatr. 2013;162(3 Suppl):S2eS6.

80. Fenton TR, Kim JH. A systematic review and meta-analysis to
revise the Fenton growth chart for preterm infants. BMC Pediatr.
2013;13:59.

81. Olsen IE, Groveman SA, Lawson ML, Clark RH, Zemel BS. New
intrauterine growth curves based on United States data.
Pediatrics. 2010;125(2):e214e224.

82. Villar J, Giuliani F, Fenton TR, Ohuma EO, Ismail LC,
Kennedy SH. INTERGROWTH-21st very preterm size at birth
reference charts. Lancet. 2016;387(10021):844e845.

83. Abrams SA. Calcium and vitamin d requirements of enterally fed
preterm infants. Pediatrics. 2013;131(5):e1676e1683.

84. Burton BK. Inborn errors of metabolism in infancy: a guide to
diagnosis. Pediatrics. 1998;102(6):E69.

85. Berry SA, Brown C, Grant M, et al. Newborn screening 50 years
later: access issues faced by adults with PKU. Genet Med. 2013;
15(8):591e599.

86. Brown CS, Lichter-Konecki U. Phenylketonuria (PKU): a problem
solved? Mol Genet Metab Rep. 2016;6:8e12.

87. Kose E, Aksoy B, Kuyum P, Tuncer N, Arslan N, Ozturk Y. The ef-
fects of breastfeeding in infants with phenylketonuria. J Pediatr
Nurs. 2018;38:27e32.

88. Lawrence RM. Circumstances when breastfeeding is
contraindicated. Pediatr Clin N Am. 2013;60(1):295e318.

89. Pinto A, Adams S, Ahring K, et al. Early feeding practices in in-
fants with phenylketonuria across Europe. Mol Genet Metab Rep.
2018;16:82e89.

90. Wanes D, Husein DM, Naim HY. Congenital lactase deficiency:
mutations, functional and biochemical implications, and future
perspectives. Nutrients. 2019;11(2).

91. Carlock G, Fischer ST, Lynch ME, et al. Developmental outcomes
in Duarte galactosemia. Pediatrics. 2019;143(1).

92. Wagner CL, Greer FR. Prevention of rickets and vitamin D defi-
ciency in infants, children, and adolescents. Pediatrics. 2008;
122(5):1142e1152.

93. Hollis BW, Wagner CL, Howard CR, et al. Maternal versus infant
vitamin D supplementation during lactation: a randomized
controlled trial. Pediatrics. 2015;136(4):625e634.

94. Krebs NF, Sherlock LG, Westcott J, et al. Effects of different com-
plementary feeding regimens on iron status and enteric micro-
biota in breastfed infants. J Pediatr. 2013;163(2):416e423.

Section A. Lifestage Nutrition and Maintaining Health

IV. References 21



95. Young BE, Krebs NF. Complementary feeding: critical consider-
ations to optimize growth, nutrition, and feeding behavior. Curr
Pediatr Rep. 2013;1(4):247e256.

96. Sazawal S, Black RE, Ramsan M, et al. Effects of routine prophy-
lactic supplementation with iron and folic acid on admission to
hospital and mortality in preschool children in a high malaria
transmission setting: community-based, randomised, placebo-
controlled trial. Lancet. 2006;367(9505):133e143.

97. Tang M, Frank DN, Hendricks AE, et al. Iron in micronutrient
powder promotes an unfavorable gut microbiota in Kenyan
infants. Nutrients. 2017;9(7).

98. Georgieff MK. Long-term brain and behavioral consequences of
early iron deficiency. Nutr Rev. 2011;69(Suppl 1):S43eS48.

99. Lozoff B, Clark KM, Jing Y, Armony-Sivan R, Angelilli ML,
Jacobson SW. Dose-response relationships between iron defi-
ciency with or without anemia and infant social-emotional
behavior. J Pediatr. 2008;152(5):696e702, 702.631-693.

100. Cusick SE, GeorgieffMK, Rao R. Approaches for reducing the risk
of early-life iron deficiency-induced brain dysfunction in
children. Nutrients. 2018;10(2).

101. Sypes EE, Parkin PC, Birken CS, et al. Higher body mass index is
associated with iron deficiency in children 1 to 3 years of age.
J Pediatr. 2019;207:198e204. e1.

102. Oatley H, Borkhoff CM, Chen S, et al. Screening for iron defi-
ciency in early childhood using serum ferritin in the primary
care setting. Pediatrics. 2018;142(6).

103. Andersson O, Hellstrom-Westas L, Andersson D, Domellof M. Ef-
fect of delayed versus early umbilical cord clamping on neonatal
outcomes and iron status at 4 months: a randomised controlled
trial. BMJ. 2011;343:d7157.

104. Tang M, Hendricks AE, Krebs NF. A meat- or dairy-based com-
plementary diet leads to distinct growth patterns in formula-fed
infants: a randomized controlled trial. Am J Clin Nutr. 2018;
107(5):734e742.

105. Tang M, Andersen V, Hendricks AE, Krebs NF. Different growth
patterns persist at 24 months of age in formula-fed infants
randomized to consume a meat- or dairy-based complementary
diet from 5 to 12 months of age. J Pediatr. 2019;206:78e82.

106. Heyman MB, Abrams SA. Fruit juice in infants, children, and
adolescents: current recommendations. Pediatrics. 2017;139(6).

107. Togias A, Cooper SF, Acebal ML, et al. Addendum guidelines for
the prevention of peanut allergy in the United States: report of the

National Institute of Allergy and Infectious Diseases-sponsored
expert panel. J Allergy Clin Immunol. 2017;139(1):29e44.

108. Du Toit G, Roberts G, Sayre PH, et al. Randomized trial of peanut
consumption in infants at risk for peanut allergy. N Engl J Med.
2015;372(9):803e813.

109. PerkinMR, Logan K, Tseng A, et al. Randomized trial of introduc-
tion of allergenic foods in breast-fed infants. N Engl J Med. 2016;
374(18):1733e1743.

110. Bertrand KA, Hanan NJ, Honerkamp-Smith G, Best BM,
Chambers CD. Marijuana use by breastfeeding mothers and
cannabinoid concentrations in breast milk. Pediatrics. 2018;142(3).

111. Little RE, Northstone K, Golding J. Alcohol, breastfeeding, and
development at 18 months. Pediatrics. 2002;109(5):E72.

112. Mennella JA, Gerrish CJ. Effects of exposure to alcohol in
mother’s milk on infant sleep. Pediatrics. 1998;101(5):E2.

113. World Health Organization. Breastfeeding; 2019. https://www.
who.int/nutrition/topics/exclusive_breastfeeding/en/.
Accessed January 14, 2019.

114. Hartman C, Shamir R, Hecht C, Koletzko B. Malnutrition
screening tools for hospitalized children. Curr Opin Clin Nutr

Metab Care. 2012;15(3):303e309.
115. Mehta NM, Skillman HE, Irving SY, et al. Guidelines for the pro-

vision and assessment of nutrition support therapy in the pediat-
ric critically ill patient: society of critical care medicine and
American society for parenteral and enteral nutrition. J Parenter
Enter Nutr. 2017;41(5):706e742.

116. Leroue MK, Good RJ, Skillman HE, Czaja AS. Enteral nutrition
practices in critically ill children requiring noninvasive positive
pressure ventilation. Pediatr Crit Care Med. 2017;18(12):1093e1098.

117. Ladd AK, Skillman HE, Haemer MA, Mourani PM. Preventing
underfeeding and overfeeding: a clinician’s guide to the acquisi-
tion and implementation of indirect calorimetry. Nutr Clin Pract.
2018;33(2):198e205.

118. American Society of Anesthesiologists. Practice guidelines for
preoperative fasting and the use of pharmacologic agents to
reduce the risk of pulmonary aspiration: application to healthy
patients undergoing elective procedures: an updated report by
the American society of anesthesiologists task force on preopera-
tive fasting and the use of pharmacologic agents to reduce the
risk of pulmonary aspiration. Anesthesiology. 2017;126(3):
376e393.

1. INFANT NUTRITION22

Section A. Lifestage Nutrition and Maintaining Health

https://www.who.int/nutrition/topics/exclusive_breastfeeding/en/
https://www.who.int/nutrition/topics/exclusive_breastfeeding/en/


C H A P T E R

2

NUTRIENT NEEDS AND REQUIREMENTS
DURING GROWTH

Elizabeth Prout Parks1,2, MD, MSCE
Maria R. Mascarenhas1,2, MBBS

Vi Goh1,2, MD, MS
1Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

2Gastroenterology, Hepatology and Nutrition, The Children’s Hospital of Philadelphia, Philadelphia, PA, United States

SUMMARY

Childhood and adolescence are important periods during which major biological, social, physiological,
and cognitive changes take place and nutrition plays a key role. The nutritional requirements of children
change as they grow and develop and depend on growth rate, total body size, and activity levels. In
adolescents, these requirements are even higher than those of children because of the growth spurt, sexual
maturation, changes in body composition, skeletal mineralization, and changes in physical activity. In this
chapter, we will review the nutritional needs for children and adolescents with special emphasis on
feeding recommendations for children and obesity and pregnancy in adolescents.

Keywords: Adolescence; Childhood; Feeding; Nutrient needs; Obesity; Pregnancy.

I. INTRODUCTION

Nutrition plays an important role in the growth and
development of all children from birth through adoles-
cence. When nutritional needs are not met then, growth
and development are affected resulting in malnutrition,
stunting, developmental, and cognitive delays. This is
true not only for macronutrients but also for micronu-
trients with strong supportive evidence for iron and zinc.
In this chapter, we will review the needs for children and
adolescents (infant requirements, Section B, Chapter 1).

II. CHILDHOOD

The nutritional requirements of children change as
they grow and develop. Children require adequate in-
takes of energy, protein, and other essential nutrients for
the typical patterns of growth anddevelopment.Nutrient
needsvarydependingongrowth rate, total bodysize, and
physical activity levels. Toddlers have slower growth rate

compared to infants, and this growth rate continues
through childhood until the growth spurt of adolescence.
Healthy food patterns will provide children with
adequate nutrients for growth and development.

A. Growth Rates

Anthropometric assessment is the best way to deter-
mine whether children are well nourished. In healthy
children with well-balanced diets, their growth rates
are usually predictable. A child’s birth weight typically
triples by 12 months of age and quadruples by 2 years
of age. Average weight gain is 7 g/day by the end of sec-
ond year and slows to relatively steady rate of 2e3 kg/
year until adolescent growth spurt begins.1

Linear growth is approximately 9 cm a year at the
end of second year and 8 cm a year at the end of third
year. A child typically reaches 50% of adult height at
2 years of age and approximately 80% of adult height
at 10 years of age. The height gain velocity in both
males and females is consistent at 5e8 cm/year from
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3 to 10 years of age.1 The average head circumference of
a newborn in the United States (US) is approximately
34 cm, doubles during first year of life, and increases
to 50 cm by 3 years of age. Thereafter, head circumfer-
ence does not change markedly.2,3 Weight and height
(or length for children < 24 months old) are plotted
on growth charts to determine whether they are main-
taining their growth trajectory. The current US recom-
mendation is to plot children <24 months of age on
the WHO growth charts (Fig. 2.1) and those
>24 months of age on the CDC growth charts
(Fig. 2.2). For children <24 months old, the relationship
between weight and length can be plotted on the WHO
weight for length chart and >24 months old, and the
body mass index (BMI) can be plotted on the CDC
growth chart. Appropriate weights and lengths/
heights, according to age and sex, lie between the 5th
and 85th percentiles, allowing for individual differ-
ences in body build.

B. Nutrient Requirements

Energy

Energy intake recommendations are intended to
maintain health, promote optimal growth and matura-
tion, and support adesirable level of physical activity. En-
ergy needs are highly variable in children and depend on
basal metabolism, rate of growth, physical activity, body
size, and sex. Since the annual weight gain, length/
height gain, and growth in head circumferences decrease
between years 1 and 3, there is concurrent decrease in en-
ergy needs when expressed per kilo body weight.

Between 15 and 24 months of age, most children are
eating the same foods as the rest of the family, andapprox-
imately 60% of energy comes from table foods.4 Milk is
still the leading source of daily energy (approximately
25%), macronutrients, and many vitamins and minerals,
including vitamins A and D, calcium, and zinc.5 At this
time, a diet based on an appropriate number of servings
and portion sizes from the various food groups in addi-
tional to milk will provide adequate amounts of most
nutrients.

As the child gets older and intake of solid foods in-
creases, the intake of milk decreases. It is important at
this stage to provide well-balanced, appropriate portion
size foods and to model healthy eating patterns for chil-
dren during mealtime and snacks to promote long-term
healthy eating habits. In the preadolescent age (7e9 years
old), children are laying down energy reserves in prepa-
ration for the adolescent growth spurt and energy intake
may increase. However, excessive weight gain in antici-
pation of this growth spurt may result in childhood
weight problems with increased risk of overweight/
obesity.

Most children’s diets contain adequate amount of en-
ergy, carbohydrate, protein, and fat. However, children’s
intake of “extra” or additional calories from sugars are
notably high especially from snacks representing nearly
28%e44% of daily energy intake, 32% of carbohydrate,
and 39% of added sugars.6e8 Sweetened beverages con-
tribute to 25% of all added sugars obtained from snacks.
Approximately 50% of 3-year-olds in the US consume
sweetened beverages and 75% consume desserts or
candies on any given day,9 and they are top sources of
sugar intake in children. This snacking pattern results
in high-energy intakes in preschool- and school-aged
children.6,10,11 Increased frequency of snacking has also
been associated with greater intake of energy-rich,
nutrient-poor foods. Juice intake should be limited to
4oz/day in children 1- to 3-year-olds, to 4e6 oz/day
for 4- to 6-year-olds, and 8 oz/day for 7- to 18-year-olds.

Protein

Similar to energy needs, protein needs correlate more
closely with a child’s growth pattern than with chrono-
logical age. The Dietary Reference Intake (DRI) for pro-
tein is based on the amount of protein needed for age,
sex, and growth and positive nitrogen balance. Average
protein intake of US children is well above the Recom-
mended Dietary Allowance (RDA) for all age groups.
The RDA of protein for 1 to 3-year-olds is 1.05 g/kg/
day and 4- to 8-year-olds is 0.95 g/kg/day.12 When total
energy intake is inadequate, dietary protein may be used
to meet energy needs, making it unavailable for synthe-
sis of new tissue or for tissue repair. This may lead to
reduction in growth rate and a decrease in lean body
mass. Excess protein consumption, whether from food
or supplements (as in adolescent athletes), could lead
to excessive weight gain and calcium loss and poten-
tially affect renal function.

Fat

In healthy children younger than 2 years of age, the
American Academy of Pediatrics (AAP) recommends
against fat restriction due to rapid growth and develop-
ment requiring high energy intake.13 Therefore,
skimmed or low-fat milks are not recommended for
use during the first 2 years of life. Fat intake after 2 years
of age should subsequently be decreased gradually to
provide approximately 30% of total energy13,14. Transi-
tioning the diet to provide less energy from fat can be
achieved by increasing the intake of naturally low-fat
products such as fruits, vegetables, beans, lean meat,
fish, and whole grain foods.

There have been concerns that some parents may
have overinterpreted the emphasis on supporting lower
fat diets. Indeed, 23% of toddlers 12e23 months of age
and 47% of preschool-aged children 24e47 months of
age consume less total fat than recommended.7 At the
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(A)

FIGURE 2.1 (A) Birth to 24 months: boys length-for-age percentiles and weight-for-age percentiles, (B) Birth to 24 months: boys weight-for-
length percentiles and head circumference-for-age percentiles, (C) Birth to 24 months: girls length-for-age percentiles and weight-for-age per-
centiles, (D) Birth to 24 months: girls weight-for-length percentiles and head circumference-for-age percentiles
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Birth to 24 months: Girls
Length-for-age and Weight-for-age percentiles

Published by the Centers for Disease Control and Prevention, November 1, 2009
SOURCE:  WHO Child Growth Standards (http://www.who.int/childgrowth/en)
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(A)

FIGURE 2.2 (A) 2 to 20 years: Boys stature-for-age and weight-for-age, (B) 2 to 20 years: Boys BMI-for-age, (C) 2 to 20 years: Girls stature-for-
age and weight-for-age, (D) 2 to 20 years: Girls BMI-for-age
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same time, about 6% of preschool-aged children
consume higher levels of saturated fats than recommen-
ded. Yogurt consumption in children has been associ-
ated with lower total fat and saturated intakes and
lower body fat composition.15 Essential fatty acids
(linoleic and alpha-linolenic acid) need to be consumed
in adequate amount to prevent deficiency that has been
shown in infants and children consuming low-
fat diet or with severe fat malabsorption with certain
diseases.16,17 Essential fatty acids are required for
normal function of tissues. Deficiency can result in
wide variety of symptoms including dermatitis, reduced
growth rate, hair loss, increased susceptibility to infec-
tions, liver dysfunction, depressed adenosine triphos-
phate synthesis, changes in brain, and retinal
development in children.18

Micronutrients

Vitamins and minerals play an important role in the
health and growth of children. Parent often give vita-
mins and minerals supplementation to their children,
with recent estimation that approximately 21% of tod-
dlers and 40% preschool-aged children are given some
types of daily supplement. Children may not need
vitamin or mineral supplements if they are healthy
children who consume a well-balanced diet. Prior to
prescribing a vitamin/mineral supplement, an evalu-
ation of dietary intake should be completed. For chil-
dren and adolescent who cannot or will not consume
adequate amount of micronutrients, the use of mineral
supplements should be considered. Vitamin D is the
most common dietary supplement with 20% of tod-
dlers and approximately 40% of preschool children
taking vitamin D. The AAP recommends that healthy
children receiving a well-balanced diet do not need
vitamin supplementation over the RDA, which is 600
IU/day of vitamin D for children over 1 year of age.
Iron supplements on the other hand were consumed
by fewer than 10%.7,19 Iron deficiency causes anemia,
depressed mental and motor development, impaired
cognitive performance including depressed school
achievement into middle childhood, poor immune
function, and decreased work performance.20e22 The
mechanism of the role of iron in cognitive develop-
ment is not fully understood, but some studies have
identified the role of iron in normal myelination and
neurotransmitter function21,23. For children >2 years
of age, short-term treatment of iron deficiency is as-
sociated with improvement in cognition but not in
school achievement.21 Due to the evidence of adverse
effect of iron deficiency in children, the goal is to pre-
vent iron deficiency by encouraging dietary intake
of diverse foods with bioavailable iron, fortification
of foods targeted for children, and providing iron sup-
plementation when indicated by high risk of iron

deficiency. Approximately 25% of 2-year-olds
consume salty snacks daily and nearly 50% consume
higher than recommended intake of sodium,7,9 which
could potentially lead to other long-term health risks
of hypertension and cardiovascular disease.

Due to the many health benefits of the micronutrient-
rich fruits and vegetables, the US Dietary Guidelines
recommend 2 cups of fruit and 2 ½ cups of vegetables
per day for an older child or a young adult consuming
2000 calories. The daily recommendation for fruit and
vegetable intake is 1 cup for 2- to 3-year-olds and 1.5
cups for 4- to 8-year-olds, respectively.24 Fruit and vegetable
intake among young children is below recommend-
ations.25,75 Approximately one-third of 2-year-olds do
not consume any vegetables or fruit on a given day.
The most commonly consumed vegetables are French
fries and fried potatoes,9 and the most commonly
consumed fruits are applesauce and fruit cocktail, which
are low-fiber fruits.26 As such, a majority of preschool-
aged children consume less than the recommended
amounts of fiber.7 Despite low fruit and vegetable
intake, most healthy children ingest sufficient amount
of vitamins andminerals from fruit, vegetable, and other
food groups. Recent comparison of nutrient intakes from
the feeding infant and toddlers study in the US showed
that toddlers 12e23.9 months old were consuming diets
low in vitamin D, vitamin K, iron, potassium, and cal-
cium, whereas toddlers 2e4 years of age were
consuming diets low in potassium, vitamin A, vitamin
D, dietary fiber, and iron.27 It has also been shown that
children who consume high levels of added sugar
(>25% of daily energy) have lower micronutrient intake,
particularly calcium, potassium, and vitamins A and
E.28 Increased consumption of vegetables is required to
address nutrient shortfalls of potassium, vitamin A,
and dietary fiber.

C. Feeding Behavior

Toddlers (1e3 years)

Feeding behavior develops progressively during the
toddler years with eventual acquisition of self-feeding
skills. Oral and neuromuscular development improves
the ability to eat; toddlers achieve gross motor skills
required for holding a spoon and then develop fine mo-
tor skills needed to scoop food, dip food, and bring
food to mouth with limited spilling.29,30 The appear-
ance of most of the primary teeth also leads toddlers
to be able to bite and chew and support self-feeding
and participation in family meals. The acquisition of
language skills enables the toddler to verbally express
eating preferences, hunger, and satiety. Use of finger
foods, spoons, and cups should be encouraged to
improve the development of manual dexterity and co-
ordination. Supporting the acquisition of self-feeding
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skills is thought to encourage the maintenance of self-
regulation of energy intake, the mastery of feeding
skills, and the socialization of eating behaviors. Given
earlier opportunities for mastery of self-feeding skills,
the older toddler is ready to consume most of the
same foods offered to the rest of the family in an age
appropriate portion size. The AAP offers guidance on
the numbers of meals and snacks in order to provide
constant supply of nutrients to fuel children’s activ-
ities; specifically, children 1e4 years of age should be
given three main meals and two to three snacks spread
throughout the day.31 Toddlers should be seated at the
high chair or at the dinner table at mealtime. Foods that
could cause choking or aspiration such as nuts, hot
dogs, uncut grapes, and popcorn should be avoided.
Limits should be set so that the child is not eating
throughout the day. It is common to have variable
food intake at this stage. Most toddlers have decreased
food intake relative to body size, compared to infancy,
related to the reduction in growth rate with aging. Food
preferences may be erratic, with foods readily accepted
1 day or for a period of time and then being rejected the
next day. Toddlers may also become more selective
with only consuming particular foods, and this is often
worrisome to parents. The use of growth charts to
demonstrate adequate growth and guidance about
typical eating behavior will help reassure parents.
New foods should be offered multiple times (up to 10
exposures) to promote acceptance. Although intake
may appear erratic from meal to meal, most children
have the capacity to adjust food intake such that daily
energy intake remains fairly constant.32 Toddlers should
be offered a variety of foods from each of the six food
groups, at regular intervals, with limited distractions.
A typical pattern is 3 meals a day with two to three
snacks. Goals of early childhood nutrition are to estab-
lish healthy eating habits and offer foods that are devel-
opmentally appropriate. Milk consumption usually
gradually decreases as solid food intake increases.
Around 12 months of age, children learn to drink from
a cup, although some may still breastfeed or desire for-
mula bottle feeding. Bottle weaning should start around
12e15 months, as extended bottle use has been associ-
ated with iron deficiency, obesity, and dental caries.33e36

Bedtime bottles and use of fruit juice or sugar-sweetened
beverages in bottles are discouraged because of the asso-
ciation with dental carries.37 Unless being used at meal-
time for milk, sippy cup devices should only contain
water to prevent caries.

Early childhood (4e6 years)

Children 4e6 years of age are able to self-feed
without assistance and although children’s appetites
may be variable. At this age, it has been shown that
children may increase food portion size and consume

more store-bought processed foods as they spend time
away from home either at school or daycare.38e40 With
anticipatory guidance for parents regarding basic
principles of nutrition and meal planning, nutritional
deficiencies or excesses can be prevented. The nutrient
quality of foods from all food groups should still be
emphasized. Parents and caregivers are responsible
for providing variety of nutritious foods, defining
the structure and timing of meals. Children are
responsible for their choices from food provided and
have primary responsibility for determining how
much is consumed at each eating occasion. Snacks or
desserts high in sweets or of low nutritional value
should be offered infrequently to prevent obesity
and dental caries. Skim or low-fat milk may be sub-
stituted for whole milk, especially if the child is at
risk of becoming overweight to decrease total caloric
intake per day.41

Middle childhood (7e9 years)

Preadolescents’ eating habits are often influenced
more by peer pressure than by parents. Adaptation to
school and peer eating habits may present nutritional
problems. Meals may be skipped due to school sched-
ules or preferences and snacks during the day may be
unsupervised.42,43 These adaptations may be less of a
problem if sound eating habits were established earlier
in life, such as the development of personal food prefer-
ences for healthier foods.44,45 The progression from be-
ing dependent on parents providing healthful foods to
making their own food choices occurs during this period
in life. Children should also be educated on the basic
nutrition principles and how to apply to their daily
lives.44,45 This will allow children to accept more respon-
sibilities for their health and optimize dietary habits in
adolescence and adulthood.

III. ADOLESCENCE

Adolescence is an important period during which
major biological, social, physiological, and cognitive
changes take place. Adolescence is divided into two
developmental periods: early adolescence (10e14 years
of age) and late adolescence (15e19 years of age). Young
adulthood is the period between 20 and 24 years of
age.46 Adolescents have special nutritional needs due
to rapid growth and maturational changes associated
with the onset of puberty. Dietary surveys show that
many adolescents do not meet nutrient recommenda-
tions for their age group and have inadequate intake
of calcium, iron, thiamin, riboflavin, and vitamins A
and C.47 Clinically, however, despite their poor dietary
intake patterns, the only biochemical nutrient deficiency
commonly seen among adolescents is iron deficiency
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anemia. Increasingly seen are problems with dietary ex-
cesses and obesity.

A. Growth

Adolescents vary considerably as to age at onset of
puberty and rate of progression through puberty.48 The
hormonal changes of puberty result in characteristic al-
terations in body size, body composition (muscle, fat,
bone), and skeletal and sexual maturation. Such alter-
ations are the basis for the increased dietary require-
ments for energy, protein, and most micronutrients.
Height and weight growth during adolescence account
for 50% of total body weight. Nutrition requirements
during puberty are high.46 The adolescent growth spurt
occurs about 2 years later in boys than in girls, and so
boys and girls of similar age often differ in nutritional re-
quirements. Undernutrition and many chronic diseases
can delay the onset of puberty.49 Furthermore, growth
is not a continuous process, but it proceeds as a series
of small growth spurts that vary in amplitude and fre-
quency.50 All of these factors influence an individual ad-
olescent’s nutritional needs, which will vary between
and within individuals over time. Above all, it is impor-
tant to recognize that adequate nutritional intake is
necessary to assure normal growth and maturation.

Now, the onset of puberty occurs at an earlier age
than previously documented, with variability among
ethnic groups. Among a national sample of US boys
and girls from the National Health and Nutrition Exam-
ination Survey (NHANES) III 1988e94, evaluated at
8e19 years of age,51 the median ages of onset of pubic
hair development were 11.2, 12.0, and 12.3 years for
non-Hispanic black, non-Hispanic white, and Hispanic
boys, respectively, and 9.4, 10.6, and 10.4 years for non-
Hispanic black, non-Hispanic white, and Hispanic girls,
respectively. In another large sample of US from 1997, in
girls evaluated at ages 3e12, the average age at
menarche was 12.2 years for African Americans and
12.9 years for whites.52 Menarche usually occurs just af-
ter the adolescent growth spurt.48 At the peak of adoles-
cent linear growth, the rate of increase in height is about
10.3 cm/year for boys (range 7.2e13.4) and 9.0 cm/year
for girls (range 7.0e11.0).48 From the onset of the adoles-
cent linear growth to the attainment of adult stature,
both boys and girls gain about 17% of final height.53

Adolescent growth in height is followed by rapid
accrual of bone mass. Peak bone mass, the maximum
amount of bone gained during the life cycle, is achieved
by the end of adolescence or in early adulthood.54,55

Epidemiological evidence suggests that a higher peak
bone mass is associated with physical activity, greater di-
etary calcium and vitamin D intake.56 Higher calcium
intake is associated with lower rates of hip fracture later
in life.55 Thus, adequate calcium and vitamin D intake to

assure optimal accrual of bone mass during childhood
and adolescence may have important lifelong health
implications.56

Bone mineral density (g/cm2) increases through pu-
berty.54 A longitudinal growth study by Bailey
et al.56,57 showed that the peak accrual in whole body
bone mineral content (g) occurred after the adolescent
growth in height. Accordingly, to accommodate these
rapid adolescent gains, calcium requirements are
considerably higher for adolescents (1300 mg) than for
children or adults (Table 2.1). Although recommended
calcium intake is 63% higher for adolescents than chil-
dren, results from NHANES III national survey show
that dietary calcium intake declines as children become
adolescents (Table 2.2), and calcium intake is lower in
non-Hispanic black compared to non-Hispanic white
and Hispanic children and adolescents.59 In a recently
published survey of a mixed ethnic sample from
NHANES 1999e2000,60 girls still showed a decline in di-
etary calcium intake from childhood to adolescence;
however, calcium intake in boys remained stable and
well below the 1300 mg/day recommended during
adolescence.61 Net calcium absorption is highest in in-
fancy and adolescence.62 However, it is unlikely that
increased calcium absorption efficiency in the context
of inadequate dietary intake is sufficient to optimize
peak bone mass. Calcium supplementation can increase-
bone mineral density in children,63 a finding that under-
scores the importance of adequate calcium intake.
Increased calcium intake must be sustained to maintain
the effect on accretion of bone mineral density.

Other factors that influence bone mass accrual during
growth include vitamin D status and physical activity.
Adequate vitamin D concentrations are necessary to
facilitate calcium absorption in the gut. Vitamin D is
absorbed through the skin and is adversely affected by
latitude away form the equator, seasonal fluctuation,
sunblock use, darker skin pigmentation, and obesity. A
part from these factors, casual daily sunlight exposure
to the hands and face is usually sufficient to achieve
adequate vitamin D status in healthy children and

TABLE 2.1 Recommended calcium intake (mg/day) levels, from
two sources.a.

Age range (years) RDA (2010) NIH

1e3 700 700

4e8 1000 800e1200

9e18 1300 1200e1500b

14e18 1300 1200e1500

aRDA, the National Academy’s Recommended Dietary Allowance12; NIH, National

Institutes of Health Consensus Development Panel on Optimal Calcium Intake. 58.
bChanges at age 11.
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adolescents.64 The RDA for vitamin D3 is 600 IU/day for
adolescents.61 Also, weight-bearing physical activity is
important to strengthen bone and increase muscle
mass.65 Exercise before and during adolescence is also
of great importance to bone formation.66

B. Nutritional Needs of Adolescents

Nutritional needs of adolescents are higher than those
of children because of the growth spurt, sexual matura-
tion, changes in body composition, skeletal mineraliza-
tion, and changes in physical activity. Physical activity
is not necessarily increased, but total energy needs are
increased because of larger body size. Unlike children,
adolescent males and females differ in their nutritional
needs, and these continue into adulthood. Reasons
include the earlier maturation of females and the consid-
erable variability of puberty and nutrient requirements.67

Nutrient needs are increased for protein, energy, calcium,
iron, and zinc. Additionally, increased nutritional requi-
rements occur with adolescent pregnancy, many chronic
diseases, and rigorous physical conditioning. Some com-
mon adolescent illnesses, such as the eating disorders of
anorexia nervosa and bulimia, may affect nutritional
status and maturation. Recommended dietary intake for
adolescents68 often represent interpolations based on
known requirements for children and adults rather than
evidence based on adolescent research subjects. Nutrient
requirements are usually greater for males than females
and for pregnant and lactating females.

Often, adolescents’ dietary habits differ from those of
children and adults. Changes in adolescent dietary pat-
terns can adversely69 affect growth during this period.
Adolescents tend to skip meals, eat more meals outside
their home, and eat snacks, especially sugar-sweetened
beverages, candy, and diet or fast foods. Some develop

strong food beliefs, adopt food fads, or become vegetar-
ians/vegans. These diet fads may reflect an expression
of independence, a busy life style, problems with body
image, or a search for self-identity, or they may be
secondary to peer and social pressures.69

Typically, dietary intake data show insufficient intake
of calcium, iron, and vitamins A and C in the diets of
US adolescents. The average intake for males was closer
to the RDA than that for females. Adolescents often have
high intakes of soda, coffee, tea, and alcohol and low
intakes of milk and juice than children, a pattern seen
more often in white adolescents.67 In a large survey
of 12,500 children aged 11e18 years, Cavadini et al.
showed that total energy intake, as well as the proportion
of energy from total fat and saturated fat, decreased from
1965 to 1996.70 Totalmilk consumption decreased, accom-
panied by an increase in sugar-sweetened beverages and
noncitrus juices. Among US high school students sur-
veyed between 1999 and 2003, only 16%e18% reported
drinking more than three glasses of milk daily.71 Vege-
table intake was lower than the recommended five serv-
ings per day, and folate, iron, and calcium intakes were
lower than recommendations for females.61,68,70,72 In
adolescent females and low-income youth, vitamins B6,
A, and E, iron, calcium, and zinc intakes were low.73 In
the typical American adolescent diet, French fried po-
tatoes make up 25% of all the vegetables consumed,
intake of simple sugars exceeded the intake of complex
carbohydrates, and more than a third of the dietary fat
(which accounts for >33% of calories consumed) was
saturated fat. Additionally “junk” or processed food
with few nutrients and high-fat fast food accounted for
>33% of the daily caloric intake.25,74 Although MyPlate
(USDA guide to healthy eating) suggests that an appro-
priate intake of fruit and vegetables is > 5 servings per
day, adolescents have lower intakes. Only 8.5% of high
school students surveyed between 2007 and 2010 in the
National Youth Risk Behavior Survey ate �1.42 cups of
fruits and ate �2.53 cups of vegetables per day.71

Recommendations for adolescent food intake from
various sources stress the following: increased intake of
calcium-rich and iron-containing foods in adolescent
girls; limitation of foods high in simple sugars; decreas
ed intake of complex carbohydrate foods that could be
retained in the mouth and contribute to dental caries;
use of fluoridated water, dentifrices, topical treatments,
and rinses to prevent dental caries; limitation of total
fat to <30% of energy intake, with saturated fat <10%
and dietary cholesterol <300 mg/day; and limitation of
salt intake to 2500 mg (girls) and 2.500e3000 mg/day
(boys) and daily protein intake <2 times the RDA.75,76

The AAP recommends a fat intake of about 20%e30%
of energy because of the rapid growth that occurs in
adolescence.77

TABLE 2.2 Calcium intake (mg/day) for males and females, from
the National Health and Nutrition Examination
1999e2014 Surveys.

Males Females

1988e1992*

6e11

years

12e15

years

6e11

years

12e15

years

Non-Hispanic white 994 822 822 744

Non-Hispanic black 761 688 688 613

Mexican American 986 890 890 790

1999e2000** 6e11
years

12e19
years

6e11
years

12e19
years

All race/ethnic
groups

843 956 812 661

Source: * Alaimo et al. 59, ** Ervin et al. 60.
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Energy

Exact energy requirements of the individual growing
adolescent are difficult to determine.78 The DRI provides
a method to estimate energy needs as Estimated Energy
Requirements (EERs, kcal/d) prediction equations
(Table 2.3).79 Additionally, an activity factor should be
used to account for different levels of physical activity
(sedentary, low active, moderate active, and high active).
Peak energy requirements occur in girls at about 15e16
years of age and in boys at about 18 years and correspond
to the increased needs of later pubertal growth and
development. Adolescent females at the moderate active
level require about 2300 kcal/day, whereas males require
2600e3300 kcal/day. Energy needs increase and vary
during the second and third trimester of pregnancy
and during the first and second 6 months of lactation.79

Predictive formulas are also available to calculate the
EER-based energy needs for obese adolescent females
and males.79

Data from NHANES III showed energy intakes
were higher for males than for females, and intakes
peaked in late adolescence.80 Although mean dietary
intakes in some adolescents were less than the RDAs,
there has been an increase in the prevalence of over-
weight and obese adolescents. Despite a trend toward

decreased dietary fat intake, fat intake is still higher
than recommended.67

Protein

Protein recommendations are shown in Table 2.4.
Most adolescents easily achieve these levels in the
US, as seen in the NHANES III survey.80 Experimental
data on adolescent protein requirements are not avail-
able, and the recommendations are interpolated from
results of studies in infants and adults. Peak protein
intake coincides with peak energy intake. Protein
should account for 12%e14% of energy intake. Ado-
lescents at risk for low protein intake are those with
eating disorders, malabsorption, chronic disease, and
socioeconomic limitations resulting in food insecurity.
In the event of inadequate energy intake, protein is
used for energy needs and results in malnutrition.

Minerals

Some adolescents have inadequate intakes of min-
erals, including calcium, iron, zinc, and magnesium.
Calcium and phosphorus are essential for good bone
health. Though dietary phosphorus intake is usually
adequate, calcium intake is often inadequate in adoles-
cents. As previously discussed in the bone health sec-
tion, national surveys show that calcium intake is
less than recommended and has either declined or
not increased over the last 20 years. Among females
aged 15e18 years, the average calcium intake dropped
from 680 mg/day in 1980 to 600 mg/day in 1990.81

Among females aged 12e19 years in the NHANES
1999e2000 dietary survey,60 median calcium intake
was 611 mg/day, which is only 51% of the currently
recommended amount of 1300 mg/day.61 The best
way to meet nutritional requirements for calcium is
through foods rather than through calcium supple-
ments, and calcium is more efficiently absorbed in
combination with lactose. Dairy products provide
about 55% of the calcium intake in the US diet. Calcium
absorption from other dietary sources is important,

TABLE 2.3 Estimated Energy Requirement (EER) for boys and
girls 13 through 18 years of age.

Boys

age

(y)

Reference

weight* (kg

[lb])

Reference

height* (m

[in])

Sedentary

PAL**

Low

active

PAL

Active

PAL

Very

active

PAL

13 45.6 (100.4) 1.56 (61.4) 1935 2276 2618 3038

14 51.0 (112.3) 1.64 (64.6) 2090 2459 2829 3283

15 56.3 (124.0) 1.70 (66.9) 2223 2618 3013 3499

16 60.9 (134.1) 1.74 (68.5) 2320 2736 3152 3663

17 64.6 (142.3) 1.75 (68.9) 2366 2796 3226 3754

18 67.2 (148.0) 1.76 (69.3) 2383 2823 3263 3804

Girls
age
(y)

Reference
weight (kg
[lb])

Reference
height (m
[in])

Sedentary
PAL

Low
active
PAL

Active
PAL

Very
active
PAL

13 45.8 (100.4) 1.57 (61.8) 1684 1992 2281 2762

14 49.4 (112.3) 1.60 (63.0) 1718 2036 2334 2831

15 52.0 (124.0) 1.62 (63.8) 1731 2057 2362 2870

16 53.9 (134.1) 1.63 (64.2) 1729 2059 2368 2883

17 55.1 (142.3) 1.63 (64.2) 1710 2042 2353 2871

18 56.2 (148.0) 1.63 (64.2) 1690 2024 2336 2858

**PAL ¼ physical activity level.

* Table adapted from: Institute of Medicine, Food and Nutrition Board. Dietary Reference

Intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and amino

acids. Washington DC: National Academy Press, 2002 79.

TABLE 2.4 Dietary reference intake for protein.

Males Females

g/kg/day g/day g/kg/day g/day

9 to 13 y 0.95 34 0.95 34

14 to 18 y 0.85 52 0.85 46

Pregnancy* e e 1.10 þ25

* For pregnant adolescents, an additional 25 g of protein daily is recommended. For a

14e18 year old pregnant adolescent girl, 71 g of protein daily (46 þ 25 g/day) is

recommended.

Table adapted from: Institute of Medicine, Food and Nutrition Board. Dietary Reference

Intakes for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and amino

acids. Washington DC: National Academy Press, 2002. 79.

III. Adolescence 37

Section A. Lifestage Nutrition and Maintaining Health



however, especially in communities where dairy prod-
ucts are not easily available for adolescents who have
lactose intolerance. Despite iron fortification of many
cereal grains, iron deficiency remains common. Iron
needs are higher during adolescence because of in-
creases in blood volume and muscle mass. Females’
needs are further increased by menstrual losses. The
adolescent females who are at increased risk for iron
deficiency include the older adolescent female, the
pregnant adolescent, and female athletes. Median
iron intake for 12e19 year old females in the NHANES
1999e2000 survey was 11.7 mg/day, 78% of the 15 mg/
day recommended for females aged 14e18 years.60,72

Iron deficiency during pregnancy results in an
increased risk of preterm birth and low birth weight in-
fants. Because of their rapid growth, young pubertal
males are also at risk for iron deficiency anemia. Iron
needs decrease with slower growth after puberty.
Iron deficiency is more common among low-income
youth and is seen more often in adolescent females
than in adolescent males.67 The prevalence of iron defi-
ciency anemia among adolescents varies from 2% to
10% and is more frequent in males aged 11e14 years
and in females aged 15e19 years.73 Increased zinc is
needed for growth and puberty, and zinc intake is
often low in adolescents. Zinc deficiency is associated
with growth retardation and hypogonadism, and
zinc supplementation results in reversal of these
clinical manifestations. Data from the NHANES 1999e
2000 survey60 show that magnesium intake among
US adolescents aged 12e19 years did not meet
recommendations.61

Vitamins

The vitamins that are at risk for insufficient amounts
in the diets of adolescents include vitamins A, B6, E, D,
and C and folic acid. Because females have lower food in-
takes than males, vitamin deficiencies are more common
among females. Data from NHANES 1999e2000 survey82

show that median intake of vitamins A, E, and C and
folic acid for adolescents aged 12e19 years, in general,
does not meet recommendations.68,72

Fiber

Adolescents ingest less than recommended amounts
of fiber. Average fiber intake is about 12 g/day in com-
parison to the 25 g/day recommended by the American
Heart Association for blood cholesterol reduction and
the 35e45 g/day recommended for reduction of colon
cancer risk.83 DRI79 recommendations are for males
9e13 years of age to consume 31 g/day of total fiber
and 14e18 years of age to consume 38 g/day. Female
intake is recommended as 26 g/day for 9e18 years of
age. Data from the NHANES III survey (1988e94)
show that adolescent fiber intake was 11e16 g/day for

adolescents 12e19 years of age, much less than the
recommended 26e38 g/day.80,84

C. Nutritional and Pubertal Assessment

During the adolescent years, anthropometric assess-
ment of nutritional status (weight, height, and body
composition) is influenced by puberty. Still, it is an
important period for careful monitoring of nutritional
status because of the heightened risk of nutritional disor-
ders, such as obesity and anorexia nervosa. In addition to
CDC weight, height and BMI growth charts,85 height ve-
locity growth charts,86 which include a classification for
early and late onset of puberty, are useful to assess height
relative tomaturity status. For early or latematuring chil-
dren whose linear growth deviates significantly from
their previous growth patterns or from standard growth
curves, these charts are useful for the interpretation of
growth measurements in individual adolescents. Assess-
ment of sexual maturity status is classified according to
the stages described by Tanner48 for pubic hair growth
and genital development in boys and for pubic hair
and breast development in girls. A self-assessment picto-
rial questionnaire can be used to document puberty
stage.87 For assessment of weight-for-height status, the
BMI (expressed in kg/m2) may be used. CDC growth
charts for children 2 through 20 years of ages include a
BMI chart. Sex and age-specific BMI percentile can be
plotted in the same manner as for weight and height.
There are no clear guidelines on how to assess BMI rela-
tive to early or late sexual maturity.88 For assessment of
overweight, obesity, and severe obesity, BMI should be
combined with triceps skinfold measurement.89 For chil-
dren and adolescents with a BMI percentile greater than
the 95th percentile, extended BMI percentile curves
should be utilized.90

D. States of Altered Growth Patterns

Obesity

The prevalence of obesity in children and adolescents
has tripled over the last several decades. Based upon na-
tional surveys, the prevalence of obesity in children
2e19 years of age (BMI at the 95th percentile or higher)91

has increased from 5% to 6% in the 1980s to 18.5% in
2016. According to the NHANES 2015e16 survey, over-
weight (BMI �85th percentile) is present in 34.3% of
children between the ages of 2e19 years, obesity
(BMI �95th percentile) in 18.5%, and severe obesity
(BMI � 120% > 95th percentile or BMI � 35 kg/m2) in
5.6% of children.92,108 The prevalence increases in ado-
lescents for all obesity-related categories: overweight
(20%e24%), obesity (21%), and severe obesity (8%).92,93

Obesity affects non-Hispanic black males (20%) and
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females (29%) and Hispanic males (27%%) and females
(17%) adolescents disproportionately compared with
non-Hispanic white males (17%) and females (15%%)94

(Table 2.5).
The adolescent period presents with physiologic

developmental, familial, and social challenges that
lend themselves to increased risk/exacerbation of obesity.
The early adolescent pubertal development period is a
period of natural body fat deposition, particularly in
girls. Additionally, the transition from Tanner stage 1
to Tanner stage 3 is associated with a 32% reduction in
insulin sensitivity, which is further exacerbated in ado-
lescents who experience early menarche (<11.9 yrs of
age).95,96 These normal physiologic changes can increase
the likelihood for a child who is overweight to cross over
into the obese category during adolescence. Addition-
ally, physical activity decreases in adolescent girls,
particularly in non-Hispanic black and Hispanic girls,
which provides an additional challenge as physical ac-
tivity improves insulin sensitivity.97

Adolescence is a time of increased independence,
where peers often times have a strong influence over
choices. For example, an adolescent may not wish to
take a lunch to school because it is not considered to
be socially acceptable. Additionally, adolescents may
have their own money to purchase food from fast food
restaurants and convenience stores. Physical activity de-
creases in adolescent girls, particularly in non-Hispanic
black and Hispanic girls, which provides an additional
challenge as physical activity improves insulin sensi-
tivity and weight maintenance.97

The risk of becoming obese as a child, and remaining
obese as an adult, is influenced by family history and

by the child’s age. Data from the Cardiovascular Risk
in Young Finns Study, which followed children from
age 6e49 years, demonstrated that children with
obesity who remain obese as adults had a BMI trajec-
tory that increased linearly until age 25 years. In
contrast, children who did not develop obesity as
adults transition to a null-growth BMI trajectory at 16
years for girls and 21 years for boys.98 Children with
obesity who did not develop obesity as adults have a
lower BMI at age 6 and slower rate of BMI change dur-
ing adolescence.98 There is an 80% chance of an obese
adolescent becoming an obese adult.99 Further, chil-
dren with obesity have increased cardiovascular risk
as adults.98

Obesity is caused by a positive energy imbalance in
which individuals expend less energy than consumed.
A chronic, small positive energy imbalance will have a
large effect on weight gain over time. Finding the cause
of such a small energy surplus makes the prevention
and treatment of obesity challenging. In general, the
search for the causes for obesity has focused on four
areas: genetics, environment, energy expenditure, and
dietary factors.

Genetics; Even though some genetic syndromes (e.g.,
PradereWilli syndrome, Down syndrome), single-gene
mutations (e.g., leptin receptor deficiency, MC4-R), and
clinical syndromes of other etiology (e.g., Cushing’s
syndrome) are associated with obesity, these
represent <1% of the cases of obesity in children. Most
adolescents with a medical cause of obesity may be
identified earlier in life, but acquired clinical
syndromes (e.g., hypothyroidism) may present in
adolescence. Although genetic influence on obesity is
supported by the clustering of obesity within families
and by studies of adopted and twin children, genetics
is unlikely to explain the current trend of increasing
prevalence of obesity in adolescents.96,100 The relative
weight of adults who were adopted as children is
positively associated with the relative weight of their
biological parents. No such relationship exists between
these children and their adoptive parents.96,100

Similarly, the weights of adoptive twins reared apart in
different family environments are similar to that of
twins reared together. The discovery of the leptin
hormone and the leptin gene in animal models raised
the hope that obesity genes would be identified;
however, the search has not yet been fruitful in humans.

Environmental and behavioral; As noted above, adoles-
cence is a time of increased independence, where peers
have a strong influence over choices and behaviors.
Environmental influences such as supermarket availability,
the number of fast food restaurants in the neighborhood,
neighborhood safety, presence of a television in the
bedroom, eating meals as a family, and socioeconomic

TABLE 2.5 Prevalence of obesity in adolescents (ages 2e19
years).

Non-Hispanic white Non-Hispanic black Hispanic

Boys

1976e1980 3.8 6.1 7.7

1988e1994 11.6 10.7 14.1

1999e2002 14.6 18.7 24.7

2007e2008 16.7 19.8 25.5

2013e2016 15.3 17.9 24.3

Girls

1976e1980 4.6 10.7 8.8

1988e1994 8.9 16.3 13.4

1999e2002 12.7 23.6 19.6

2007e08 14.5 29.2 17.5

2013e16 14.1 23.0 22.9

Prevalence >95th percentile BMI.

Sources: Ogden CL et al. 94
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status play important roles. Childhood and adolescent
socioeconomic factors such as parental education, fam-
ily size, region of the country, and urban versus rural
factors are all associated with obesity.101 An important
environmental influence is the amount of time spent
watching television and other screen time. A relationship
between television watching and obesity has been clearly
described in older children, including a dose response.97

Preadolescents and young adolescents were 5.5 times as
likely to be overweight if they watched >5 h/day, as
compared to those who watched <2 h/day.

Resting energy expenditure (REE); Altered REE, lower en-
ergy of physical activity, and total energy expenditure
are potential causes for excessive weight gain. Many
obese adolescents and their families believe the cause of
the weight gain is/was low metabolic rate, but data do
not consistently support this.Although these studies spe-
cifically evaluated children and adults, similar findings
would be expected in adolescents. A recent finding has
been a lower REE among African American children
and adults. Decreased total daily energy expenditure
through a pattern of decreased physical activity could
induce a positive energy balance, resulting in excessive
weight gain. Obese childrenmay be less physically active
than nonobese children; however, some evidence sug-
gests that obese individuals expend extra energy to carry
their excess body mass. Therefore, they expend as much
or more total energy completing these activities of daily
living as do nonobese children.Despite thesemixed find-
ings, the improved clinical outcome with weight man-
agement that includes exercise99,103e105 supports the
negative influence of the pattern of sedentary physical
activity on the development and treatment of obesity.

Dietary intake;Data on dietary intake and obesity suggest
that obese children tend to eat high-fat diets and thus
higher energy diets. Humans also have a taste
preference for energy-dense foods. In our current
environment with easy access to an abundance of
high-fat, energy-dense foods, this preference may
underlie the increasing prevalence of obesity.
Assessing dietary intake and energy needs is difficult.
Obese adolescents often underreport energy intake by
40%e60%.100,106 Standardized prediction equations to
calculate energy requirements of obese children are
available.79 Measuring REE is available in some
clinical settings and provides an accurate estimate of
this component of energy needs.

Evaluation and treatment; True assessment of the degree
of adiposity is difficult. One of the most commonly
used measures to assess relative weight is BMI. In
adults, a BMI �25 defines overweight and �30 defines
obesity. However, BMI normally increases as children

grow in height and weight; therefore, a particular
BMI cutoff point in kg/m2 cannot be set to define
obesity in adolescents. Generally, for adolescents, BMI
percentile for age and sex is used. A BMI �85th percen-
tile identifies overweight, and a BMI �95th percentile
identifies obesity. The 2000 CDC growth charts include
age- and sex-specific BMI percentile curves and suggest
the clinical use of BMI to assess relative weight.85 The
area between the 85th and 95th percentiles is defined
as at risk for overweight, whereas points above the
95th percentile are defined as overweight.91 However,
current CDC BMI curves are unable to accurately
determine extreme values of BMI, and an extended
BMI curve is available to define severe obesity as
120% of the 95th BMI percentile.90,103,107 It has also
been suggested for children and adolescents with
severe obesity to examine a child’s sex and age BMI
as the 95th percentile.90

The assessment of an obese child should include a
routine history and physical, which includes a review
for signs of obesity-related syndromes or conditions.
Screening for associated important clinical conditions
(e.g., hyperlipidemia, insulin resistance, and hyperten-
sion) or contributing processes (e.g., low metabolic
rate) should be considered. Significant family dysfunc-
tion or adolescent psychological problems need to be
evaluated as part of the weight management evaluation
and treatment program.

Several treatment methods, including behavioral
modification, diet, exercise, school-based programs,
pharmacologic interventions, and surgery, have been
devised for obese adolescents. Most pediatric weight
management programs have targeted younger age
groups. Treatment ismore successfulwhen a comprehen-
sive behavioral program, in conjunctionwith specific diet
and exercise prescriptions, is used.106,109e111 An impor-
tant component of adolescent treatment is parental and
family participation. In addition to attending group ses-
sions, the parent must work with the adolescent to
restructure the home and play environments and to
monitor progress. Obesity treatment and specific cardio-
vascular risk factors are reviewed elsewhere.

Adolescent pregnancy

Adolescent females continue to grow in stature and
fat-free mass during pregnancy. This growth may occur
at the expense of the fetus and result in decreased birth
weight despite increased maternal weight gain or in sub-
optimal maternal nutritional status and growth. Addi-
tionally, reduced maternal ferritin, cord ferritin, and
folate blood concentrations were noted in the adolescents
who gained height during pregnancy.112,113 The fact that
pregnant adolescent females continue to grow implies
that nutrient needs for pregnant adolescents are even
greater than those for nonadolescent pregnant women.
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To accommodate the potential growth, it is recommen-
ded that pregnant teens gain weight at the upper end
of the recommended range for their prepregnancy
weight.114 Weight gain in the first and second trimesters
is related to improved birth weight.115 Pregnant and
lactating females also need additional calories79 and
protein (Table 2.4), calcium, iron, vitamins B6, C, A,
and D, and folate. A prenatal supplement that contains
vitamins A and D, zinc, calcium, folate, and iron is rec-
ommended. Nutritional education and counseling are
an important part of prenatal care for adolescents.

There is an increased incidence of medical complica-
tions in adolescent pregnancy, especially among
adolescents <17 years of age. The maternal mortality
rate is twice that of adult pregnant women. Other
medical problems include poor maternal weight gain,
prematurity, hypertension, anemia, sexually transmitted
diseases, low birth weight infants, and increased

neonatal death. These latter two complications are
more common in adolescent mothers <14 years of age
and in the African American population. Factors respon-
sible for all of the above complications include low pre-
pregnancy weight and height, parity, poor pregnancy
weight gain, poverty, unmarried status, low educational
attainment, drug use, and inadequate prenatal care.112

IV. CONCLUSION

Childhood and adolescence are critical periods dur-
ing which it is important that nutritional needs be met.
Certain micronutrient deficiencies are more common
in different age groups. Lack of normal feeding patterns
can lead to subsequent problems. Obesity and adoles-
cent pregnancy are complicating conditions, which
need to be addressed in the growing adolescent.

RESEARCH GAPS

There are several gaps in our knowledge of the nutrient needs for growth in children and adolescents. While we
know the impact of micronutrient deficiencies on cognitive function, there are few studies looking at micronu-
trient needs and mental health in children. There are no long-term prospective studies evaluating the long-term
impact of nutrition interventions (nutrient quality, micronutrient intake) in childhood and adolescence on
obesity, metabolic diseases, and mental health in adulthood. Given the exploding knowledge of the interactions
of specific nutrients and the microbiome, understanding optimal food composition in children for health is
important.
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SUMMARY

This chapter describes how the additional nutrient requirements of pregnancy are met by a combination
of physiological events that affect maternal nutrient utilization, fetal nutrient transfer, and increased
dietary intakes. The physiological changes of pregnancy complicate the interpretation of nutritional status
measures. The adverse effects of consuming an inadequate amount of most vitamins and minerals during
pregnancy are partially understood, but little is known of the subclinical or long-term effects of de-
ficiencies or their role in specific adverse pregnancy outcomes. With rising rates of maternal obesity on
entering pregnancy, excess gestational weight gain, and complications such as gestational diabetes mel-
litus, there is a need for clearer guidance on optimal macronutrient balance and dietary patterns for
pregnant women to reduce the risk of adverse outcomes and long-term health problems for both mother
and offspring.

Keywords: Dietary patterns in pregnancy; Gestational diabetes; Gestational weight gain; Maternal nutrition;
Maternal obesity; Nutrient metabolism in pregnancy; Nutrient requirements for fetal growth.

I. INTRODUCTION

A. Background

It has long been a worldwide public health priority
to enable pregnant women to meet their nutrient needs.
This priority is based on evidence that undernutrition
prior to and during the period of reproduction can
have serious short- and long-term adverse effects on
mother and child. There is increasing information
about how variability in diet, nutrient metabolism,
and individual nutritional needs affects pregnancy
weight gain, fetal growth, risk of preterm delivery, birth

defects, and other pregnancy outcomes. Well-designed
studies on undernourished women in developing coun-
tries have revealed the impact that improved maternal
nutrition can have on maternal and infant health.
However, rates of preterm delivery, low birth weight,
birth defects, and other pregnancy complications are still
unacceptably high, even in wealthier countries. Further-
more, the increased prevalence of maternal obesity and
overnutrition as a result of poor quality diets presents
new challenges for the development of pregnancy com-
plications, excess fetal growth, and long-term adverse
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outcomes for both mother and offspring. There is much
to be learned about optimal maternal nutrient require-
ments and dietary intake patterns during pregnancy.

B. Key Issues

This chapter discusses the physiological changes that
occur during pregnancy, maternal macro- and micronu-
trient requirements to support optimal fetal growth and
development and to reduce risk of pregnancy complica-
tions, and the nutritional challenges provided by
maternal obesity and gestational diabetes mellitus
(GDM). New research developments on dietary patterns
that may improve pregnancy outcomes are also dis-
cussed, as well as concerns regarding food safety and
the suitability of following popular diets in the prenatal
period. There are many aspects of prenatal nutrition that
require further research, as outlined in the section on
Research Gaps.

II. PHYSIOLOGICAL DEMANDS OF
PREGNANCY

A. Hormonal Changes

In pregnancy, larger amounts of nutrients are
required for the growth and metabolism of maternal
and fetal tissues and for storage in the fetus. Some of
these needs are met by increased maternal food intake,
but regardless of dietary intake, there are enormous
metabolic adjustments in nutrient utilization that sup-
port the development of the fetus. Some of the most
important changes are in serum hormone concentrations
and in tissue deposition and metabolism and are sum-
marized in Table 3.1.

Human chorionic gonadotropin (hCG) is produced
almost exclusively by the placenta (low levels produced
by the fetal kidney) and begins to enter the maternal
bloodstream after implantation, becoming detectable in
the plasma of pregnant women about 8 days after ovula-
tion.1 The primary function of hCG is to help sustain the
corpus luteum, which produces steroid hormones to
support the pregnancy until placental steroid produc-
tion is sufficient. The transition of steroid hormone pro-
duction from the corpus luteum to the placenta (known
as the lutealeplacental shift) takes place at 7e10 weeks
of gestation. Blood hCG peaks (w100,000 IU/L) at about
8e10 weeks’ gestation and then declines to much lower
levels (w10,000e20,000 IU/L) by 18e20 weeks, where it
remains until term.

Blood progesterone concentrations rise substantially
during pregnancy. In early pregnancy, the primary
source of progesterone is the corpus luteum. After the
lutealeplacental shift, the placenta becomes the major

source of progesterone synthesis.1 Progesterone relaxes
the smooth muscle cells of the gastrointestinal tract2

and uterus,3 stimulates maternal respiration,4 promotes
development of mammary gland lobules, and prevents
milk secretion from occurring during pregnancy.5

The biosynthesis of estrogens (estrone, estradiol, and
estriol) increases substantially during pregnancy, and
blood estrogen concentrations continue to rise
throughout gestation.3 Estrogen plays an important
role in promoting uterine blood flow and contractility
and may play a role in fetal development and organ
maturation. Estrogen also influences carbohydrate,
lipid, and bone metabolism6 and, in preparation for
lactation, promotes ductal proliferation in the breast
and stimulates the synthesis and release of prolactin
from the pituitary lactotrophs.7

TABLE 3.1 Changes in hormone concentrations and in tissue and
nutrient deposition during pregnancy.

Serum hormones,

tissues, and metabolic

processes

Week of gestation

10 20 30 40

Serum placental hormones

Human chorionic
gonadotropin (104U/L)

1.3 4.0 3.0 2.5

Human placental
lactogen (nmol/L)

23 139 255 394

Estradiol (pmol/L) 5 22 55 66

Products of conception

Fetus (g) 5 300 1500 3400

Placenta (g) 20 170 430 650

Amniotic fluid (g) 30 250 750 800

Maternal tissue gain

Uterus (g) 140 320 600 970

Mammary gland (g) 45 180 360 405

Plasma volume (mL) 50 800 1200 1500

Nutrient metabolism and accretion in mother þ fetus

Increase in basal
metabolism/day

80a

0.19b
170
0.41

260
0.62

400
0.95

Fat deposition (g) 328 2064 3594 3825

Protein deposition (g) 36 165 498 925

Iron accretion (mg) 565

Calcium accretion (g) 30

Zinc accretion (mg) 100

Hemoglobin (g/L) 125 117 119 130

akcal.
bMJ.

Data from King (2000a).
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Human placental lactogen (hPL) is produced by the
placenta. Its blood level correlates with placental and fetal
weight, steadily increasing during pregnancy until the last
4 weeks, at the time at which the level reaches a plateau.1

hPL supports placental and fetal growth by stimulating
maternal fat breakdown to increase the circulating levels
of free fatty acids, which can be used as an energy source
for maternal and fetal nutrition. It also stimulates insulin
secretion and production of insulin-like growth factor
and induces insulin resistance and carbohydrate intoler-
ance. Additionally, it stimulates mammary gland devel-
opment in preparation for lactation.8

A period of increasing insulin resistance occurs dur-
ing normal pregnancy. Hormones such as progesterone,
placentally derived growth hormone, prolactin, cortisol,
and leptin, and cytokines such as tumor necrosis factor
all play a role in the insulin resistance of pregnancy.
The increase in insulin resistance serves to provide a
steady flow of glucose to the fetus.9

Although the weight of the fetus increases throughout
pregnancy, about 90% of fetal ponderal growth occurs in
the last 20 weeks of gestation (Table 3.1). Fetal growth is
accompanied by expansion of the placenta, uterus, and
mammary glands. The additional tissues cause maternal
metabolic rate to increase by 60% during the last half of
pregnancy, creating a need for additional dietary energy.6

The protein, fat, minerals, and vitamins deposited in fetal
and maternal tissues come from increased maternal food
intake and/or more efficient intestinal absorption or
renal reabsorption, depending on the specific nutrient.

B. Changes in Blood and Other Fluids

Plasma volume expansion begins at 6e8 weeks
of gestation and increases by approximately 45% (1.2e1.6
L) by late pregnancy, whereas red cell mass increases by
only 20%e30% (250e450 mL).10 The larger proportional
increase in plasma volume relative to red cell mass leads
to a “hemodilution of pregnancy,” especially during the
second trimester, when there is the largest rise in plasma
volume (Table 3.1). Hemodilution may lead to declines
in blood serum concentrations of certain minerals, such
as potassium.9 The hypervolemia of pregnancy is needed
to meet the increasing demands of the growing uterus to
transport nutrients and elements to the fetus and to protect
the mother against parturition-related blood loss.9

Albumin serves as a carrier for various minerals, hor-
mones, and fatty acids and helps to maintain oncotic
pressure in the capillaries.11 Concentrations of serum
albumin decline during pregnancy; as a result, the con-
centrations of nutrients that bind to albumin (such as cal-
cium) may decline as well. In contrast, there is a higher
level of most globulins, lipids (especially triacylglycerol),
and vitamin E. Renal plasma flow increases by 80% and

glomerular filtration rate by 50%, accompanied by higher
urinary excretion of glucose, amino acids, and water-
soluble vitamins, and serum creatinine levels decline.9

C. Weight Gain During Pregnancy

Weight gain is a normal aspect of pregnancy that oc-
curs as the mother’s body adapts to support fetal
growth, parturition, and lactation. The products of
conception (amniotic fluid, fetus, and placenta) and
maternal structural changes, such as an increase in
uterine size and fat stores, expanded blood and extra-
vascular fluid volumes, and accumulation of cellular
water and protein, all contribute to gestational weight
gain.9,12

Guidelines for gestational weight gain were revised
by the US Institute of Medicine (IOM) in 2009. They
were based on the best available evidence at that time,
taking into consideration both the welfare of the mother
and her offspring. The recommended weight gains
(Table 3.2) are those associated with lowest prevalence
of cesarean delivery, postpartum weight retention,
preterm birth, small- (<10th percentile) and large-for-
gestational-age (>90th percentile) infants, and child-
hood obesity. The amount of weight gain that optimizes
these outcomes varies by maternal body mass index
(BMI, kg/m2) prior to pregnancy. The IOM recommen-
dations for total weight gain and the rate of second- and
third-trimester weight gain for women carrying a single
fetus are categorized by World Health Organization
(WHO) BMI groupings, as shown in Table 3.2.12

The IOM guidelines contain provisional weight gain
recommendations for women with multifetal pregnan-
cies with normal weight, overweight, and obesity pre-
pregnancy (Table 3.2). The available data sources by
which to make these provisional recommendations
were limited, and there was insufficient evidence to
make recommendations for women with multifetal
pregnancies in the underweight BMI category. In
addition, the IOM committee concluded that there was
insufficient evidence to support modification of the
weight gain recommendations based on racial/ethnic
group, parity, and for adolescents or women of short
stature. Although recent studies have suggested that
the IOM weight gain guidelines may not be appropriate
for Asian pregnant populations,13e16 a metaanalysis of
the data found that these guidelines are applicable if
regional BMI categories are used to classify East Asian
women.16 Although several countries outside of the
United States follow the IOM guidelines, there is
currently no global consensus on optimal gestational
weight gain, and further research to establish
ethnicity-specific guidelines is warranted.17
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TABLE 3.2 Institute of Medicine weight gain recommendations for pregnancy, by prepregnancy BMI.

Body mass index (BMI)

category

Total pregnancy weight gain for

singleton pregnancies

Rate of weight gain for singleton pregnancies in second

and third trimester Total weight gain for multifetal pregnanciesa

Range in kg Range in lbs Mean (range) in kg/week Mean (range) in lbs/week Range in kg Range in lbs

Underweight (BMI <18.5) 12.5e18 28e40 0.51 (0.44e0.58) 1 (1e1.3) e e

Normal (BMI 18.5e24.9) 11.5e16 25e35 0.42 (0.35e0.50) 1 (0.8e1) 17e25 37e54

Overweight (BMI 25.0e29.9) 7e11.5 15e25 0.28 (0.23e0.33) 0.6 (0.5e0.7) 14e23 31e50

Obese (BMI �30.0) 5e9 11e20 0.22 (0.17e0.27) 0.5 (0.4e0.6) 11e19 25e42

aProvisional guidelines are available for women with a multifetal pregnancy, but not for those with a prepregnancy BMI in the underweight category. Recommendations on the rate of weight gain for multifetal pregnancies also have

not been established.

Adapted from Institute of Medicine and National Research Council. 2009. Weight Gain During Pregnancy: Reexamining the Guidelines. Washington, DC: The National Academies Press.
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Women who smoke are at increased risk for deliv-
ering a small-for-gestational-age (SGA) infant; however,
based on data from gestational weight gain studies of
women who smoke, a substantially higher weight gain
would be required to reduce the risk of SGA. The IOM
committee noted that at least some of the effect of smok-
ing on birth weight was independent of weight gain and
concluded that asking women who smoke to gain a
higher amount of weight would result in an unfavorable
trade-off between significantly increased maternal
postpartum weight retention and a small likelihood of
reducing SGA.12

One controversial topic is the recommendation of
limited weight gain or weight maintenance during preg-
nancy for women with obesity, particularly for women
with BMI �35 kg/m2 (Class 2 obesity or greater). There
are data to suggest weight gain below the current IOM
guidelines, or even weight loss, may optimize perinatal
outcomes for women with obesity.12,18,19 However, the
IOM guidelines committee concluded that the evidence
was insufficient to recommend lower weight gain for
women with obesity. Their concern was the potential
for risk of fetal growth restriction and harm to the fetus
secondary to ketonemia, which might occur with severe
dietary restriction, and that women and their health care
providers might be inadequately equipped to imple-
ment a nutritionally balanced, calorie-restricted diet
that would avoid ketonemia.12

In contrast, low weight gain is a significant concern
for women who are underweight as they have the high-
est risk of delivering a low birth weight infant and low
weight gain further increases the risk of poor fetal
growth.

Internationally, both excessive and inadequate gesta-
tional weight gain are of concern and are associated with
increased risk of adverse maternal and fetal outcomes.
Data from a systematic review and metaanalysis of
over 1 million pregnancies from diverse international
cohorts indicate that globally 47% of women gain too
much and 23% of women gain too little weight during
pregnancy.16

To help women optimize their pregnancy weight
gain, the IOM committee recommended that health
care providers establish a weight gain goal with each
woman at the beginning of her pregnancy, chart her
weight gain during pregnancy and review her progress
toward her weight gain goal at each prenatal visit, and
provide guidance on dietary intake and physical
activity.12

There are multiple resources for BMI-specific gesta-
tional weight gain charts for use by patients and
providers.12,20 Conversely, in the United Kingdom, the
National Institute for Health and Clinical Excellence
(NICE) recommends against routine weighing of
women during pregnancy and states that weight

tracking should only be “confined to circumstances in
which clinical management is likely to be influenced.”21

While NICE emphasizes the importance of addressing
diet and physical activity among women who enter
pregnancy with a BMI �30 kg/m2, it concludes that
there is insufficient experimental evidence that moni-
toring gestational weight gain will lead to improved
birth outcomes.

It is also important for providers to assist women in
returning to their prepregnancy weight after delivery.
Many studies have demonstrated that interpregnancy
weight gain or increase in weight from the onset of
one pregnancy to the next is associated with increased
risk for adverse pregnancy outcomes, such as pre-
eclampsia, gestational diabetes, large-for-gestational-
age infants, and cesarean delivery, in subsequent
pregnancies.22e27

III. NUTRITIONAL REQUIREMENTS

A. Basis for Key Nutrient Recommendations

The profound physiological changes that cause he-
modilution, changes in the ratio of free to bound forms
of nutrients, and alterations in nutrient turnover and
homeostasis affect our ability to assess nutritional
status and requirements during pregnancy. For most
nutrients, the recommended intake is calculated using
a factorial approach. This involves adding estimates
of the amount of the nutrient deposited in the mother
and fetus, and a factor to cover the inefficiency of utili-
zation for tissue growth, to the requirements for
nonpregnant women. For a few nutrients, including
folate, some experimental data exist so recommenda-
tions can be based on the amount needed to maintain
tissue levels and nutrient-dependent function. A sum-
mary of recommended nutrient intakes for pregnancy
is provided in Table 3.3.

B. Dietary Guidance

Energy

During pregnancy, energy requirements increase to
cover energy deposited in the mother and fetus
(w180 kcal/day, for a total of 3.8 kg fat and 925 g protein
over pregnancy).28 In addition, energy expenditure
increases by 8 kcal/d/week due to the cost of additional
fetal and maternal metabolism. These increased needs
start primarily in the second trimester when the
estimated energy requirement (EER)¼ nonpregnant require
ment þ (8 kcal/d/week� 20 weeks)þ 180 kcal/day. In the third
trimester, the EER¼ nonpregnant requirement þ (8 kcal/d/
week� 34 weeks)þ 180 kcal/day. The actual amount of en-
ergy required varies greatly among pregnant women
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because of differences in the amount of weight and fat gain
and energy expenditure. One study of 10 healthy North
American women reported that the cumulative energy

costs of tissue metabolism and deposition ranged from
60,000 to 170,000 kcal (252e714 MJ) over the course of
gestation.29 It is unclear how this almost threefold vari-
ability in energy deposition can be translated into recom-
mended energy intakes.

Higher energy intakes by underweight pregnant
women can improve birth weight and length and reduce
stillbirths and perinatal mortality.30,31 A higher energy
intake causes more maternal fat deposition as well as a
higher metabolic rate across well- and poorly nourished
populations.32 In Gambia, the midpregnancy resting
metabolic rate of undernourished women actually fell
below prepregnancy values, presumably to conserve en-
ergy for fetal development, but the resting metabolic
rate increased significantly when the women received
supplemental energy. It is evident that although there
are adaptations in energy expenditure and deposition
depending on energy availability, they do not neces-
sarily promote optimal fetal development and long-
term health.33 For example, an individual who suffered
nutritional restriction in utero has a “thrifty genotype”
or “thrifty phenotype,” such that their metabolism is
programmed to preferentially store fat and reduce en-
ergy expenditure.While this may help survival in condi-
tions of nutrient restriction, it may also increase the risk
of obesity and type 2 diabetes when the food supply is
plentiful. Risk of coronary heart disease, hypercholester-
olemia, and hypertension is higher for adults who were
born small.34 In utero undernutritionmay also adversely
affect later adult immunocompetence.33 In Gambia, for
example, adults born during the hungry season had an
11-fold higher risk of dying prematurely of infectious
diseases than those born during the rest of the year.30

It is becoming increasingly evident that undernutrition
in utero has serious long-term consequences for poor
health.35

At present, the best strategy may be to monitor weight
gain closely and counsel women to either consume more
dietary energy or consume less as needed. Because the
requirement for most nutrients increases substantially
more than that for energy, however, recommendations
of lower energy intake must be made with caution to
avoid compromising nutrient density of the diet. Advice
to improve dietary quality and to obtain sufficient exer-
cise is usually appropriate.

Fats and essential fatty acids

Dietary fat is required during pregnancy to provide a
maternal source of fuel, for fetal brain and eye develop-
ment, and to increase maternal fat stores in preparation
for lactation. The recommended intake of total fat as a
percent of daily energy is the same as for the nonpreg-
nant population, i.e., 20%e35% energy. Pregnant women
should emphasize intake of mono- and polyunsaturated
fats and minimize saturated fats, particularly those from

TABLE 3.3 Recommended daily intakes of nutrients for
nonpregnant and pregnant adult women.

Nutrient Adult women Pregnancy

Energy (kcal) 2000e2200a þ340b, þ452c

Energy (MJ) 8.37e9.21a þ1.42b, þ1.89c

Protein (g/kg) 0.8 1.1

Carbohydrate (g) 130 175

Fiber (g) 14 14

Linoleic acid (g) 12 13

a-Linolenic acid (g) 1.1 1.4

Vitamin A (mg retinol equivalents) 700 770

Vitamin D (mg) 15 (600 IU) 15 (600 IU)

Vitamin E (mg a-tocopherol) 15 15

Vitamin K (mg) 90 90

Vitamin C (mg) 75 85

Thiamin (mg) 1.1 1.4

Riboflavin (mg) 1.1 1.4

Vitamin B6 (mg) 1.3 1.9

Niacin (mg niacin equivalents) 14 18

Folate (mg dietary folate
equivalents)

400 600

Vitamin B12 (mg) 2.4 2.6

Pantothenic acid (mg) 5 6

Biotin (mg) 30 30

Choline (mg) 425 450

Calcium (mg) 1000 1000

Phosphorus (mg) 700 700

Magnesium (mg) 310d, 320e 350

Iron (mg) 18 27

Zinc (mg) 8 11

Iodine (mg) 150 220

Selenium (mg) 55 60

Fluoride (mg) 3 3

Values represent recommendations of the Institute of Medicine, 2006, except for

calcium and vitamin D recommendations, which were updated by the Institute

of Medicine in 2011. Values are recommended dietary intakes (RDAs) except for

vitamin K, pantothenic acid, biotin, choline, and fluoride, where the value is an

Adequate Intake.
aAssuming moderately active woman.
bTrimester 2.
cTrimester 3.
dNonpregnant women aged 19e30 years.
eNonpregnant women aged 31e50 years.

Section A. Lifestage Nutrition and Maintaining Health

3. MATERNAL NUTRIENT METABOLISM AND REQUIREMENTS IN PREGNANCY50



processed animal foods. A very low-fat diet (�20% en-
ergy from fat) may compromise fetal development
through insufficientmaternal supply of essential polyun-
saturated fatty acids (PUFAs).

Essential PUFAs, which must be consumed in the
diet, are linoleic acid (LA, 18:2n-6) and a-linolenic acid
(ALA, 18:3n-3), found mainly in vegetable and seed
oils, nuts, and seeds. Their long-chain more unsaturated
derivatives include arachidonic acid (AA) and dihomo-
g-linolenic acid derived from LA and eicosapentaenoic
acid (EPA) and docosahexanoic acid (DHA) derived
from ALA. EPA is a precursor of prostanoids, while
AA and DHA play critical roles in fetal and infant cen-
tral nervous system (CNS) development.36,37 The fetal
supply of PUFAs depends on maternal PUFA status,
and the developing fetal brain is particularly susceptible
to nutritional deficiencies in the third trimester, when
fetal long-chain PUFA accumulation is at its peak.38

Indeed, suboptimal PUFA status of some pregnant
women has been found to be inadequate to support
optimal neonatal status, especially if there are multiple
births.39 Aberrant long-chain PUFA metabolism has
also been associated with pregnancies complicated by
GDM40 and the pathogenesis of preeclampsia.41

The Adequate Intake recommendation for LA in-
creases from 12 to 13 g/day for pregnancy, and for
ALA from 1.1 to 1.4 g/day, based on usual population
intakes. However, since endogenous conversion of
ALA to the long-chain omega-3 EPA and DHA is less
than 10%,42 pregnant women are advised to increase
their long-chain omega-3 fatty acid consumption through
fatty fish, particularly those low inmercury (e.g., salmon,
sardines, anchovies), due to the potential for fetal neuro-
toxicity from excess mercury intake from larger, preda-
tory fish. Consumption of Westernized diets rich in
highly processed foods and vegetable oils typically pre-
disposes to an imbalanced ratio of n-6:n-3 fatty acids
(>1:1). There are some suggestions that such PUFA im-
balances in pregnant women are associated with greater
adiposity and emotional and behavioral problems in
their offspring,43,44 although this is an ongoing area of
research. Higher intakes of trans fatty acids are associated
with poorer maternal and neonatal PUFA status; howev-
er, this is rarely a concern today as most trans fatty acids
have been eradicated from the food supply.

Carbohydrate

To support normal fetal growth and brain develop-
ment, carbohydrates should comprise 45%e65% of daily
calories consumed. The Recommended Daily Allowance
(RDA) for carbohydrates is a minimum of 175 g daily for
women who are pregnant.45 To promote good glycemic
control and provide adequate fiber, the majority of car-
bohydrate intake should come from whole grains, vege-
tables, and fruit, with a minimum of simple sugars.

Although a loweglycemic index (GI) diet has been
popularized for its glycemic moderating effects, there
is inconclusive evidence from clinical trials that following
a low-GI diet during pregnancy is helpful for preventing
GDM, excess fetal growth, or other adverse perinatal
outcomes.46

The total quantity of carbohydrate in the maternal diet
has been a topic of much research in recent years, partic-
ularly with increased prevalence of maternal obesity,
insulin resistance, and GDM. In addition to recommend-
ing a minimal intake of simple sugars, it has long been
accepted clinical practice to advise patients with GDM
to restrict total carbohydrate intake to improve glycemic
control.47 The Endocrine Society Clinical Practice Guide-
lines suggest that women with GDM consume 35%e45%
of total calories from carbohydrate.48 However, there is
also concern that replacing a proportion of carbohydrates
with dietary fat in pregnancies complicated byGDMmay
increase levels of maternal plasma triglycerides and
contribute to excess fetal fat deposition.49 Further
research is required to determine the optimal proportion
of dietary carbohydrate for pregnant womenwith obesity
or GDM. Women who are pregnant or plan to become
pregnant should use caution when following a verye
low-carbohydrate (<30% energy) or ketogenic diet due
to a risk of nutrition inadequacy, potentially leading to
negative outcomes such as altered fetal neurodevelop-
ment and organ growth (see Section III.C.vi).50

Protein

From very early in pregnancy, there are adaptations
in maternal nitrogen metabolism that increase nitrogen
and protein deposition in the mother and fetus. These
include lower urea production and excretion, lower
plasma a-amino nitrogen, and a lower rate of branched
chain amino acid transamination.51 The RDAs provide
for an additional 925 g of protein deposited in the
mother and fetus, of which an additional w8 g/day is
needed during the second trimester and w17 g/day
during the third.28 Thus, the total RDA is 1.1 g/kg/
day or þ25 g/day additional protein. Most pregnant
women in industrialized countries, and probably the
majority in developing countries, consume at least the
recommended amount of protein.

Vitamin A

Vitamin A is involved in immune function, vision,
reproduction, and cellular communication.52,53 Vitamin
A deficiency during pregnancy and lactation is rare in
industrialized countries but of concern worldwide,
particularly in Africa and Southeast Asia.54 It is a signif-
icant cause of night blindness among pregnant
women.54 Among children, it is the leading cause of pre-
ventable blindness and increases the risk of disease and
death from severe infections.55,56
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The RDAs for vitamin A are given as micrograms
(mcg) of retinol activity equivalents (RAEs) to account
for the different bioactivities of retinol and provitamin
A carotenoids. The RAE for pregnancy is 770 mcg/day,
which is just slightly higher than the RAE of 700 mcg/
day recommended for nonpregnant women of repro-
ductive age.

Current evidence indicates that vitamin A supplemen-
tation during pregnancy does not reduce the risk of illness
or death in mothers or their infants.54 The WHO recom-
mends vitamin A supplementation (to prevent night
blindness) only among pregnant women in areas where
vitamin A deficiency is a severe public health problem.
There is conflicting evidence as to whether vitamin A
supplementation among women with HIV decreases
maternalefetal HIV transmission, and further investiga-
tion is needed.57

Excessive supplementation with retinol or the analog
isotretinoin, which is a drug used to treat severe cystic
acne, is associated with birth defects, including abnor-
malities of the CNS and craniofacial and cardiovascular
defects.53,55 The first trimester is the most vulnerable
stage because the malformations are derived from cra-
nial neural crest cells.55

The upper safe limit of preformed vitamin A has been
set at 3000 mg/day RAE (10,000 IU) for women of repro-
ductive age and in pregnancy.55 Large intakes of b-caro-
tene do not have a teratogenic effect.58

Vitamin D

Adequate vitamin D status is important during preg-
nancy to promote normal skeletal development in the
fetus and to prevent neonatal vitamin D deficiency. The
conversion of vitamin D3 to 25-hydroxyvitamin D
(25(OH)D) during pregnancy is largely unchanged from
the nonpregnant state. However, the conversion of
25(OH)D to the active form 1,25-dihydroxyvitamin D
(1,25(OH)2D) increases substantially by the end of the first
trimester compared to nonpregnant women, driven by in-
creases in renal synthesis plus placenta/decidual tissue
production.59,60 Maternal serum levels of 1,25(OH)2D are
more than doubled by late pregnancy, and maternal and
neonatal levels are highly correlated at delivery. Thus,
depending on maternal 25(OH)D substrate availability,
fetal 1,25(OH)2D levels also rise with advancing gesta-
tion.61 This increase in maternal/fetal 1,25(OH)2D across
pregnancy does not appear to be driven by calcium ho-
meostatic mechanisms but rather may have important
immunomodulatory properties by ensuring maternal
tolerance to the fetus.62,63 Some evidence exists for vitamin
D playing a role in prevention of hypertensive disorders
of pregnancy, including preeclampsia.64 Maternal vitamin
D insufficiency has also been implicated as a risk factor for
GDM, preterm birth and SGA.65,66

Currently, there is a lack of adequate evidence to
determine the optimal intake of vitamin D levels for
pregnancy. As a result, most agencies provide the
same dietary recommendation for pregnant adults as
they do for nonpregnant adults in order to prevent
maternal vitamin D deficiency. In the United States
and Canada, the RDA is set at 600 IU/day (15 mg).67

The WHO recommends a lower intake of 200 IU/day
(5 mg), and it does not recommend vitamin D supple-
mentation for pregnant women, unless they already
have been diagnosed with vitamin D deficiency.68 How-
ever, it has been argued that higher doses may be
required to protect against neonatal deficiency.61,62,69

This may be particularly important for women at higher
risk of inadequate vitamin D status on entering preg-
nancy, such as those living at northerly latitudes, with
darker skin pigmentation, and who have a low intake
of vitamin D from fortified foods and supplements.70,71

Additionally, seasonal variation in maternal serum
25(OH)D levels has been reported,72e74 which may
further exacerbate maternal and infant vitamin D defi-
ciency in the absence of supplementation, increasing
the risk of abnormal skeletal development among
offspring with winter gestations.

Vitamin B6

The vitamin B6 RDA for women who are pregnant is
1.9 mg/day. Vitamin B6 primarily plays a role as a coen-
zyme for protein metabolism.75 Although plasma con-
centrations of pyridoxal and pyridoxal phosphate
decline more than can be accounted for by hemodilu-
tion, this is probably caused by hormonal changes rather
than by poorer vitamin status.75 Pyridoxal is transferred
via active diffusion to the placenta, which converts it to
pyridoxal phosphate.76

In the United States, nonpregnant women’s intake of
vitamin B6 averages about 1.5 mg per day, but there is
no evidence of a significant vitamin B6 deficiency
problem. In Japan, a maternal B6 supplement of 2 mg
per day of the vitamin improved vitamin B6 status and
growth of the newborn.77 Furthermore, vitamin B6 is
often prescribed during pregnancy to treat hyperemesis
gravidarum.78

Folate

There is a marked increase in folate utilization during
pregnancy as a result of the acceleration of reactions
requiring single-carbon transfer, the rapid rate of cell di-
vision in maternal and fetal tissues, and deposition in
the fetus. A higher intake of folate from diet plus
supplements,79,80 or higher erythrocyte folate concentra-
tions,81 is inversely related to neural tube defect (NTD)
risk. The metabolic defect that causes NTDs and the
mechanisms by which folic acid lowers NTD risk are
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not fully understood, although disruption of the folate-
metabolizing enzyme, serine hydroxymethyltransferase
1, has been implicated.82

Randomized controlled trials have proven that taking
folic acid supplements before conception and through
about the first 4 weeks of pregnancy lowers the risk of
genetically predisposed women having a baby with an
NTD.83,84 Unfortunately, most women are unaware
that they are pregnant at this early stage. NTDs occur
in about 5.5/10,000 births in the United States and up
to 40/10,000 in other countries and tend to recur in sub-
sequent pregnancies.

The RDA for folic acid in pregnancy is 600 mg of die-
tary folic acid equivalents and is based on the amount
that maintained erythrocyte folate concentrations in
clinical trials. Since 1998, in an effort to ensure folate ad-
equacy on a population level for NTD prevention, the
FDA has required fortification of all enriched grain
products in the United States to reach a level of 140 mg
folic acid/100g of product.85 Folate found in food has
only about half the bioavailability of the synthetic
form. Therefore, to reduce the risk of NTD, women are
widely recommended to take 400 mg/day of synthetic
folic acid from fortified foods and/or supplements dur-
ing both the preconception and prenatal periods, in
addition to consuming food folate from a varied
diet.75,86,87 This amount is expected to maintain normal
folate status in pregnancy and prevent elevated plasma
homocysteine concentrations. Maternal supplements of
400 mg folic acid/day reduced the occurrence of NTDs
in Northern China by up to 80%,88 and by 70% in New
England, 35% in California, and 28% overall in the
United States; the percent reduction is higher in popula-
tions with a higher initial prevalence of NTDs.83

The American College of Obstetricians and Gynecol-
ogists (ACOG) recommends that women at increased
risk of NTDs should supplement with a higher daily
dose of folic acid, 4000 mcg (4 mg) rather than 400 mcg,
starting from 3 months prior to conception through
12 weeks gestation. This group of woman at risk includes
those with a previous pregnancy affected by an NTD,
women who are affected with an NTD themselves, those
who have a partner who is affected, or those with a part-
ner with a previous affected child.87

Another consideration is that the efficiency of conver-
sion of inactive folic acid to its biologically active form,
L-methylfolate, can be compromised by a genetic poly-
morphism of the methylenetetrahydrofolate reductase
(MTHFR) enzyme. Up to 25% of certain populations
are homozygous for these genetic variations.89 Women
who may become pregnant may benefit from supple-
menting directly with L-methylfolate rather than folic
acid to improve their folate status,90,91 although further
research is required on the efficacy of preconception

and prenatal L-methylfolate supplementation before be-
ing widely recommended.

Calcium

Maternal calcium absorption doubles during preg-
nancy. There is both increased calcium absorption from
the intestine and increased maternal excretion of urinary
calcium due to increased calcium clearance.92 Calcium is
transferred across the placenta daily to meet fetal needs.
The rate of transfer is greatest in the late third trimester,
ranging from 300 to 350 mg/day.93

The IOM recommends a calcium intake of 1000 mg/
day, the same as for nonpregnant women aged
19e50 years.94 For pregnant women under 18 years of
age, the recommended intake is 1300 mg/day. Data are
conflicting as to whether calcium supplementation ben-
efits maternal and neonatal bone mineral content for
women with low dietary calcium intake.95,96 Although
there is a modest amount of maternal bone resorption
during pregnancy, this loss is generally reversible,
recovering within 6e12 months of weaning.92

Several randomized trials have been conducted to
assess the effect of calcium supplements for reducing
the risk of pregnancy-related hypertensive disorders.
These disorders arise after 20 weeks’ gestation and
include gestational hypertension, i.e., new-onset hyper-
tension without other signs or symptoms and pre-
eclampsia and eclampsia. Preeclampsia occurs when
there is both hypertension and other signs or symptoms,
such as proteinuria, thrombocytopenia; impaired liver
function, indicated by elevated blood concentrations of
liver enzymes and severe persistent right upper quad-
rant or epigastric pain unresponsive to medication; renal
insufficiency; pulmonary edema; new-onset headache
unresponsive to medication; and visual disturbances.97

Eclampsia refers to the occurrence of grand mal seizures
in a patient with gestational hypertension or preeclam
psia.97,98 Worldwide, preeclampsia-eclampsia is one of
the three leading causes of maternal morbidity and
mortality, affecting an estimated 2%e8% of pregnancies98

and accounting for approximately 14% of all maternal
deaths.99

Trials have shown conflicting results about the impact
of calcium supplementation for reducing the incidence
of preeclampsia and its related morbidity and
mortality.100e102 However, a systematic review, which
included 27 randomized trials of calcium supplementa-
tion for the prevention of preeclampsia, suggests that
high-dose calcium supplementation (�1 g/day) may
reduce the risk of preeclampsia and preterm birth,
among women with a history of a low-calcium diet
(<900 mg/day).99,103

Due to the substantial morbidity and mortality attrib-
utable to preeclampsia-eclampsia and the existing
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scientific evidence regarding calcium supplementation
during pregnancy, the WHO recommends daily calcium
supplementation (1.5e2.0 g oral elemental calcium) for
pregnant women with low dietary calcium intake to
reduce the risk of preeclampsia.99 The ACOG does not
currently recommend calcium supplementation for pre-
eclampsia prevention.104

Iron

During pregnancy, the amount of iron a woman needs
to absorb rises substantially, increasing from 1.2 mg/day
in the first trimester to 4.7 mg/day and 5.6 mg/day in the
second and third trimesters, respectively.105 The total esti-
mated additional iron requirement of pregnancy is
1130 mg.106 The greatest proportion of additional iron is
used for expansion of maternal red cell mass (450 mg),
followed by fetal requirements (270 mg). The fetus prefer-
entially obtains iron from the mother. Maternal iron is
carried by transferrin and actively transferred to the fetus
via transferrin receptors on the placenta. Iron is also
retained in the placenta and umbilical cord (90 mg) and
lost through normal maternal excretion routes (170 mg),
such as the gastrointestinal tract, and through blood
loss at delivery (150 mg).

Iron deficiency is the most common cause of anemia
worldwide, affecting nearly one-third of women of
reproductive age.105,107 Internationally, iron deficiency
anemia affects 43% of pregnant women, with the highest
prevalence in Central and West Africa (56%) and South
Asia (52%).107 The Centers for Disease Control and Pre-
vention (CDC) estimated the prevalence of anemia
among pregnant women using NHANES 2003e12
data and found an overall prevalence of 8.8%, although
raceeethnicity disparities existed; prevalence of anemia
among black pregnant women was 24.2%. From the
same study, prevalence of iron deficiency among US
pregnant females aged 22e49 years was found to in-
crease as pregnancy progressed, with prevalence esti-
mates of 5.3%, 12.7%, and 27.5%, in the first, second,
and third trimester, respectively.108

The increase in prevalence of anemia across trimes-
ters of pregnancy parallels the increasing demand for
iron during pregnancy. Iron deficiency anemia during
pregnancy has been associated with an increased
risk of low birth weight, preterm birth, and perinatal
mortality.105,109 There may also be an association of
maternal iron deficiency anemia with postpartum
depression and poorer results on mental and psychomo-
tor performance testing in the offspring.109

Many organizations, including the WHO, recom-
mend screening for anemia at the first prenatal
visit.105,109,110 Hemoglobin concentrations decline dur-
ing pregnancy, reaching their lowest point in the second
trimester.111 The WHO, CDC, and ACOG recommend a
lower cut point for anemia in the second trimester

(hemoglobin <105 g/L or hematocrit <32%) compared
to the first and third trimesters (hemoglobin <110 g/L
or hematocrit <33%).109,110,112

All diagnostic thresholds for anemia in pregnancy are
lower relative to the cut point for nonpregnant women
(hemoglobin of <120 g/L for women age 15 years or
older).111

The RDA for iron intake in pregnancy is 27 mg/
day.105,113 Recommendations for iron supplementation
in pregnancy vary across institutions. The WHO recom-
mends pregnant women take a daily iron supplement
with 30e60 mg of elemental iron (equivalent to 300 mg
ferrous sulfate) to prevent maternal anemia, puerperal
sepsis, low birth weight, and preterm birth.105 The
higher daily dose of 60 mg is recommended when the
population prevalence of anemia in pregnancy is 40%
or greater.105 For those who cannot tolerate the side ef-
fects of daily supplementation and the population prev-
alence of anemia is <20%, the WHO suggests a weekly
oral iron supplement of 120 mg. The CDC also recom-
mends advising pregnant women at their first prenatal
visit to start taking a daily oral iron supplement that con-
tains 30 mg/day, and if diagnosed with anemia, treating
them with an oral dose of 60e120 mg/day.110 The
ACOG states that perinatal iron supplementation is
important because the typical American diet and endog-
enous iron stores of women are inadequate to meet the
demands of pregnancy. They note that most prenatal vi-
tamins have sufficient iron content to meet the RDA of
27 mg daily and only recommend additional iron sup-
plementation for women diagnosed with iron deficiency
anemia.109

The advantages of routine maternal iron supplemen-
tation, regardless of iron status, are uncertain,114,115 so
supplements are not given routinely in some countries,
including many in Europe. A large systematic review
found that preventive iron supplementation in preg-
nancy, in which included studies used doses ranging
from 20 to 100 mg of elemental iron daily, reduced
both the risk of maternal anemia and iron deficiency
anemia at term but not maternal mortality or infec-
tion.115 Women taking iron supplements, compared to
controls, had a smaller but nonsignificant difference in
the proportion of low birth weight newborns and pre-
term birth and no difference in neonatal death or
congenital anomalies. Overall, the authors of this review
found that the general quality of the evidence was low,
suggesting a need for additional research.

Iron supplementation during pregnancy increases
iron stores of the infant for w6 months, which is an
advantage especially in developing countries where
complementary foods are low in available iron.116 In-
fants are at greatest risk of iron deficiency anemia if
they were low birth weight and their mothers were
anemic.117

Section A. Lifestage Nutrition and Maintaining Health

3. MATERNAL NUTRIENT METABOLISM AND REQUIREMENTS IN PREGNANCY54



An additional measure to reduce the risk of anemia in
offspring is delayed umbilical cord clamping. Delayed
cord clamping (30e60 s) after birth allows blood to
continue to flow between the placenta and neonate
and reduces the risk of anemia in the infant through
6 months of life. The WHO, ACOG, and NICE recom-
mend delayed cord clamping for all births of vigorous
term and preterm infants.105,118,119 The NICE and
WHO recommend the cord not be clamped earlier
than 1 min after birth, whereas ACOG recommends a
30e60 s delay in cord clamping.

Zinc

The estimated additional zinc required for preg-
nancy is w100 mg, equivalent to 5%e7% of the
mother’s body zinc.120 About half of this zinc is depos-
ited in the fetus and one-quarter in the uterus. The
recommendation is to increase zinc intake by an addi-
tional 3 mg/day to a total of 11 mg/day among women
19 years of age and older; 12 mg/d is recommended for
those aged 14e18 years.121 Homeostatic adjustments in
circulating zinc, zinc absorption, excretion, and whole-
body kinetics enable women to meet pregnancy needs
over a wide range of intakes.122 Zinc deficiency is likely
to be more prevalent in populations consuming low
amounts of animal source foods and high amounts of
foods such as beans, grains, nuts, and seeds, which
are rich in phytates and inhibit zinc absorption. Never-
theless, a threshold below which zinc homeostatic
adjustments cannot be made to support a healthy
pregnancy outcome has not been established. The usual
decline in plasma zinc concentrations during preg-
nancy due to expanded plasma volume obviates it as
a biomarker of maternal zinc nutrition.123

In addition to the zinc accrued by the fetus, it is also
deposited in the placenta, amniotic fluid, and uterine
and mammary tissue. Zinc plays critical roles in cell di-
vision, hormone metabolism, protein and carbohydrate
metabolism, and immunocompetence during preg-
nancy.124 A metaanalysis of zinc supplementation trials
indicated a 14% reduction in preterm deliveries among
the supplemented women.125 Although most studies
have not shown a significant effect of maternal zinc sup-
plementation on infant birth weight, no adverse effects
have been observed, and there may be a beneficial effect
in underweight or zinc-deficient women. Since supple-
mental zinc may reduce preterm deliveries and improve
infant birth weights without any adverse effects, zinc
should be included in prenatal supplements for preg-
nant women in populations at risk for zinc deficiency.

Iodine

Iodine is a critical component of thyroid hormone
synthesis, particularly thyroxine (T4) and triiodothyro-
nine (T3).126,127 During pregnancy, renal clearance of

iodine is enhanced and a significant amount of iodine
is diverted to the fetoplacental unit to support fetal thy-
roid hormone production.128 Iodine, thyroxine, and
triiodothyronine cross the placenta.126,128 Fetal thyroid
hormone production begins in midgestation; prior to
that time, the fetus relies on an adequate supply of
maternal thyroid hormones.128

Lack of iodine in the diet can lead to insufficient pro-
duction of thyroid hormones, resulting in maternal
goiter and hypothyroidism.126 Iodine deficiency during
pregnancy can have permanent adverse effects on the
infant as thyroid hormones play a critical role in skeletal
and CNS development. Hypothyroidism in the fetus or
early childhood leads to congenital hypothyroidism.126

In the most severe cases of congenital hypothyroidism,
children may experience severe intellectual disability,
short stature with incomplete skeletal development,
coarse facial features, and a protruding tongue.126

Even mild iodine deficiency in pregnancy may result
in long-term cognitive effects in offspring.129,130

The WHO, United Nations Children’s Fund, and
former International Council for the Control of Iodine
Deficiency (now part of the Iodine Global Network)
recommend an increase in iodine intake from 150 mg/
day for a woman of reproductive age (15e49 years) to
250 mg/day for pregnant women.131 The RDA for preg-
nant women is slightly lower at 220 mg/day.55

Iodine deficiency may be corrected by increasing
intake of iodized salt or foods rich in iodine or use of
iodine supplements. Dairy products, fish, eggs, and
seaweed contain iodine, as do fruit, vegetables, and
bread in small amounts.132 However, dietary sources
may not provide sufficient amounts to prevent defi-
ciency, particularly in areas where the soils are iodine
deficient or iodized salt intake is low.126,133,134 Despite
having a universal salt iodization process in many coun-
tries around the world,131 there is evidence that iodine
deficiency is still a widespread concern.134e136 Iodine
intake is considered insufficient to protect the fetus
and young child in countries where the proportion of
households consuming iodized salt is <90%.137

Iodine supplements may be given daily as potassium
iodide or annually as a single annual oral dose of 400 mg
of iodine as iodized oil.137 In addition, some multivita-
mins contain iodine as potassium or sodium iodide.132

C. Other Guidance

Alcohol

The adverse effects of alcohol on the fetus were first
described in the 1960s.138 Ethanol readily crosses the
placenta. It acts directly as a teratogen and indirectly
as a disrupter of normal physiologic processes,
including absorption and metabolism of nutrients.139
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Birth defects related to alcohol include facial dysmor-
phologies, growth retardation, and CNS neurodevelop-
mental abnormalities.139,140 There is a broad range of
disabilities among children exposed prenatally to
alcohol, which are now known as fetal alcohol spectrum
disorders (FASD).138 FASD are the leading cause of pre-
ventable developmental disabilities in the world,138 and
associated behavioral disorders and impaired intellec-
tual development can lead to challenges with school
and employment for exposed individuals.140 The global
prevalence of FASD is 22.8 per 1000 births and varies by
country, ranging from 1.1 per 1000 in Australia to 113.2
per 1000 in South Africa.141

Alcohol use during pregnancy has also been associ-
ated with an increased risk of miscarriage and intrauter-
ine fetal death.139 A safe threshold for alcohol intake
during pregnancy has not been determined, and there
are no currently approved therapies to prevent, slow,
or reverse the damage of prenatal alcohol exposure.139

It is therefore recommended that pregnant women and
those who plan to become pregnant abstain from alcohol
consumption.142

Caffeine

Caffeine is a stimulant that crosses the placenta and
has been detected in the amniotic fluid, umbilical cord,
urine, and plasma of fetuses.143,144 Caffeine metabolism
is slower in pregnant women, with an elimination half-
life that is 1.5e3.5 times longer than for nonpregnant
women.145 Caffeine can raise maternal catecholamine
levels,146 and physiologic data suggest that it may
decrease uteroplacental blood flow.147 Several studies
have examined caffeine intake during pregnancy and
risk of pregnancy loss and low birth weight. One large
systematic review found no increased risk of miscar-
riage, preterm birth, congenital anomalies or stillbirth
with caffeine intakes <300 mg/day.148 Some studies
suggest a possible increased risk in SGA infants and in-
trauterine growth restriction (IUGR) as caffeine intake
increases from as low as 50 mg/day,149 whereas other
studies have shown no effect of caffeine intake on these
outcomes.150e152 It is unclear why data regarding the ef-
fects of caffeine intake on SGA/IUGR differ, although in
some studies, adjustment for smoking and other con-
founders eliminates observed associations between
caffeine intake and low birth weight.150,152 Whether
abstinence from caffeine during pregnancy has an
impact on low birth weight or other pregnancy out-
comes has not yet been determined.153

The WHO recommends that pregnant women limit
caffeine consumption to <300 mg/day, which is similar
to three 8-ounce cups of coffee, six cups of black tea, or
eight cans (w96 ounces) of cola. The ACOG and the
United Kingdom’s Royal College of Obstetricians and

Gynaecologists recommend that caffeine consumption
not exceed 200 mg/day (wtwo cups of coffee).146,154

Pregnancy in women with obesity

Dramatic increases in the prevalence of obesity in
recent decades have also affected women of child-
bearing age. In the United States, over 50% of women
are now either overweight or obese entering preg-
nancy,155 with marked disparities evident by race and
ethnicity.156 There is general agreement that even mod-
erate degrees of overweight increase the risk of preg-
nancy complications and adverse outcomes for
offspring, and these risks may be largely independent
of gestational weight gain.157 Women with a prepreg-
nancy BMI �25 kg/m2 have about two to six times
(increasing with higher BMI) the risk of gestational dia-
betes, gestational hypertension and preeclampsia, pre-
term delivery, and cesarean delivery, compared with
those with normal weight.158e160 With respect to infant
outcomes, maternal obesity increases the risk of low
Apgar scores, admission to the neonatal intensive care
unit, macrosomia, large for gestational age, perinatal
mortality, NTDs, and difficulty in initiating
breastfeeding.161e163 Furthermore, the Developmental
Origins of Health and Disease hypothesis suggests that
maternal weight and nutritional status before and dur-
ing pregnancy exert lifelong impact on the health of
the offspring. Indeed, maternal prepregnancy obesity
and associated metabolic dysfunction increase the
risk of greater infant adiposity,164,165 and increased
propensity for development of childhood obesity and
cardiometabolic, immune, and neurodevelopmental
disorders in later years.166e168 The fetal programming
mechanisms for the intergenerational transfer of obesity
risk have been largely attributed to higher maternal
plasma glucose concentrations, leading to fetal insulin
resistance.169,170 Research also reveals a plausible role
of excess circulating maternal lipids in the development
of offspring adiposity and downstream cardiometabolic
disease risk.171,172

There is currently limited or inadequate evidence that
prenatal intervention studies of dietary and/or exercise
programs for women with prepregnancy obesity
improve important clinical outcomes for mother or
baby, even if reduced gestational weight gain is
achieved.173,174 As such, there is growing consensus
that preconception counseling about healthy diet and
lifestyle habits for weight reduction may provide greater
benefit than interventions initiated during pregnancy.
While achieving normal weight status prior to concep-
tion is the ideal, this may be an unrealistic goal for
many women. However, even modest weight loss (3%
e5% body weight) prior to conception provides meta-
bolic benefits for the mother, improves fertility, and
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does not harm the offspring.175 The impact of substantial
preconception weight loss, which can be achieved
through very low calorie diets or bariatric surgery, is
less clear. Although these approaches may reduce the
risk of maternal pregnancy complications such as
GDM, there is concern about increased risk of adverse
infant outcomes.176

It is important to acknowledge the many social and
psychological barriers to adopting healthy lifestyle be-
haviors among women with obesity. The ACOG recom-
mends incorporation of motivational interviewing
techniques to improve the success of lifestyle interven-
tions initiated before and during pregnancy.177 Once
they become pregnant, women with obesity need moni-
toring for diabetes and hypertension and should be
advised to gain lower amounts of weight (see Table 3.2)
and to increase physical activity. Even if dietary and ac-
tivity behaviors initiated during the prenatal period do
not reduce the immediate risk of pregnancy complica-
tions or adverse infant outcomes, there is potential for
sustained health behavior change into the postnatal
period, which may aid postpartum weight loss and
benefit maternal preconception health for future
pregnancies.178

Gestational diabetes mellitus

GDM has traditionally been defined as carbohydrate
intolerance that is first recognized during preg
nancy.179e181 Screening for GDM usually occurs at 24e
28 weeks’ gestation. Screening is done via either the
two-step methodda nonfasting, 1-h, 50-g oral glucose
challenge test, which, if abnormal, is followed by a fast-
ing 3-h, 100-gram oral glucose tolerance test (OGTT)dor
the one-step method, which is a fasting, 2-h, 75-g OGTT.
Diagnostic thresholds for these tests vary.179e181 With
the increased prevalence of diabetes and obesity among
reproductive-aged women, many organizations recom-
mend screening women for diabetes mellitus at the first
prenatal visit if they have risk factors for type 2
diabetes179,180 and classifying women as having preex-
isting or pregestational diabetes if they meet the stan-
dard diagnostic criteria for diabetes mellitus outside of
pregnancy.180,181

Maternal risks associated with GDM include pre-
eclampsia and cesarean birth. Risks to the offspring
include macrosomia (birth weight >4000 g), neonatal
hypoglycemia, hyperbilirubinemia, shoulder dystocia,
birth trauma, and stillbirth, as well as childhood obesity
and diabetes.179 The Hyperglycemia and Adverse Preg-
nancy Outcomes study, an international, multicenter
study in which over 25,000 pregnant women underwent
75-g, 2-h OGTTs at 24e32 weeks’ gestation, found that
an increase in maternal glucose levels (fasting, 1- and
2-h postprandial) was associated with increased risk of
adverse outcomes such as cesarean delivery, large for

gestational age (birth weight >90th percentile), and
neonatal hypoglycemia, and that there was no obvious
threshold at which risks increased (i.e., there was a con-
tinuum of increased risk).182 Primary prevention of
GDM and optimization of maternal glycemic control
through healthy preconception and prenatal lifestyles
are the goal. However, there currently is inconclusive ev-
idence from clinical trials that any particular prenatal di-
etary intervention is effective for GDM prevention.46

Two large, randomized clinical trials have shown that
treatment of GDM with dietary modification, self-
monitoring of blood glucose, and the addition of insulin,
if necessary, reduce the risk of adverse maternal and
neonatal outcomes.183,184 All women diagnosed with
GDM should be referred to a dietitian for at least three
sessions of dietary counseling within the first 3 weeks
of GDM diagnosis.185 Medical nutrition therapy for
GDM typically involves adjustment in absolute carbohy-
drate and caloric intake, particularly for women with
obesity, as well as redistribution of carbohydrate intake
throughout the day to optimize maternal fasting and
postprandial glucose levels, fetal growth, and maternal
weight gain.186,187 Various dietary patterns have been
investigated for their impact on glycemic control and in-
fant outcomes in pregnancies affected by GDM,
including implementation of a low GI diet, reduced car-
bohydrate with higher fat, increased complex carbohy-
drate with lower fat, and Mediterranean-type diets.
While most studies report a reduction in maternal
glucose measures, need for treatment with medication,
infant birth weight, and macrosomia, the ideal dietary
pattern for optimally reducing risks associated with
GDM has not yet been established.188,189 Exercise has
also been shown to have favorable effects on maternal
glucose and is recommended for all women with
GDM; the goal is 30 min or more per day of moderate-
intensity aerobic activity.179,187

Diet quality patterns in pregnancy

There is growing consensus that it is more helpful to
counsel pregnant women about foods and dietary pat-
terns that promote good dietary quality rather than
focus on individual nutrients.190e192 Studies have inves-
tigated a variety of diet quality indices and their associ-
ations with biomarkers of interest and maternal
pregnancy or child outcomes. Common elements that
contribute to high-quality diets across several indices
include increased consumption of vegetables, whole
fruit, whole grains, low-fat or fat-free dairy products,
and fatty fish and poultry and reduced intake of simple
sugars, red and processed meats, and processed/fried
foods rich in saturated and trans fats.193 Broadly, this
type of dietary pattern is expected to provide a wide
range of micronutrients, polyunsaturated fats, fiber
and protein required for optimal fetal growth, adequate
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gestational weight gain, and reduced risk of pregnancy
complications.190

While no single dietary pattern is currently recog-
nized as optimal for pregnancy, evidence is accumu-
lating regarding beneficial effects of the Mediterranean
dietary pattern, particularly for reduced risk of GDM
and infant atopy,194 and potential protection against
excess offspring adiposity and cardiometabolic disease
risk.195 This dietary pattern is rich in monounsaturated
fats, primarily from olive oil and nuts, as well as vegeta-
bles, fruits, fatty fish, pulses, and whole grains. It relies
on amodest dairy intake and is low in red and processed
meats, refined grains, simple sugars, and highly pro-
cessed food. One randomized clinical study has been
published that systematically tested the maternal and
offspring health outcomes associated with following a
Mediterranean dietary pattern in the prenatal period.
The St. Carlos GDM Prevention study conducted in
Spain provided an abundant supply of extra virgin olive
oil and pistachio nuts as a supplement to Mediterranean
dietary advice in the intervention group. The interven-
tion was found to significantly reduce the risk of devel-
oping GDM and was associated with less gestational
weight gain, reduced rates of cesarean delivery, and
fewer large-for-gestational-age and SGA babies.196e198

Furthermore, among women diagnosed with GDM, gly-
cemic control was significantly improved in those
following the Mediterranean diet, with less requirement
for insulin therapy.198 The beneficial metabolic effects of
this diet may be attributed to the higher intake of
healthy fats from olive oil, as well as additional fiber
and phytochemicals from nuts, which collectively have
the potential to enhance satiety and thermogenesis,
reduce inflammation, carbohydrate loading at meal-
times, and postprandial glycemia, and displace less
healthful foods from the diet.199,200 However, further
clinical trials in other geographical settings (such as
the United States) are required to determine whether a
maternal Mediterranean dietary pattern can exert the
same favorable effects on pregnancy outcomes among
populations where the standard diet deviates further
from this pattern.

Suitability and inadequacies of popular diets in the
prenatal period

There is a growing trend in the nonpregnant popula-
tion, including women of childbearing age, to follow a
range of other alternative dietary patterns, which would
not typically be advised in clinical practice unless indi-
cated for disease treatment. Some of these dietary pat-
terns may or may not be suitable for pregnancy.

Vegan diet; Although vegetarian diets have been fol-
lowed for centuries, the more recent advent of veganism
has been understudied with respect to nutritional
adequacy, particularly at critical life stages such as

pregnancy.201 A vegan diet excludes all animal foods,
including eggs and dairy. It is therefore deficient in
vitamin B12 (without supplementation) and may pro-
vide inadequate amounts or insufficient absorption of
protein, iron, zinc, calcium, fat-soluble vitamins, and
omega-3 fatty acids.

Women who choose to follow a vegan diet before and
during pregnancy should receive dietary counseling to
ensure all nutrient requirements are met for optimal fetal
development and to prevent vitamin B12 or iron defi-
ciency anemia or other pregnancy complications.202,203

Special attention should be given to appropriate micro-
nutrient supplementation in these women.

Ketogenic Diet; The application of the Ketogenic Diet and
modified Atkins diet has increased in the recent years to
improve seizure control, glycemic control, and obesity. It
is characterized by extremely low intake of dietary car-
bohydrates in order to raise levels of ketone bodies in
circulation; consequently, this diet is very high in fat
(�70% total energy). The use of the Ketogenic Diet dur-
ing the gestational period by individuals with
pharmacologic-resistant epilepsy is not widely studied
and needs further investigation to determine safety
and long-term effects.

A case report was made of a 27-year-old pregnant
woman with epilepsy who was placed on a 75 g/day
carbohydrate restriction, which was later reduced to
47 g/day. Her blood glucose levels ranged from 72
to 106 mg/dL and blood ketone levels ranged from 0.2
to 1.4 mmol/L. The acceptable range for blood ketones
in pregnancy is � 0.6 mmol/L. As a result, seizure fre-
quency decreased, and fetal growth and development
were normal.204

In an animal study that compared the embryonic organ
growth inmicewhosemothers were fed either a standard
diet or a ketogenic diet, the ketogenic diet embryo was
volumetrically smaller but had an enlarged cervical spine,
thalamus, midbrain, and pons.50 Adherence to a keto-
genic diet in the perinatal period may be linked to organ
development dysfunction. Due to the lack of consistent
results from human and animal studies, a ketogenic
diet should not be followed during pregnancy, particu-
larly during embryogenesis. This diet may also be a
concern for women planning to conceive as they may
not realize they are pregnant for the first few weeks,
thereby potentially impacting fetal CNS development.

Low-carbohydrate diet; This diet involves a moderate re-
striction of carbohydrate intake to approximately 100 g/
day (w20% total energy), usually to achieve or maintain
weight loss or reduce insulin resistance. Fat and/or pro-
tein content of the diet is increased in compensation.
While a consistently low intake of carbohydrate would
not typically raise blood ketone levels in the nonpreg-
nant state, it is possible that a state of ketosis may be

Section A. Lifestage Nutrition and Maintaining Health

3. MATERNAL NUTRIENT METABOLISM AND REQUIREMENTS IN PREGNANCY58



reached in pregnancy due to increased fetal glucose uti-
lization, which might compromise fetal development.

Although modest carbohydrate restriction is typically
incorporated into nutrition therapy for women with a
diagnosis of GDM, there is insufficient evidence that a
low-carbohydrate diet is effective for improvingmaternal
or infant health outcomes.205,206 A low carbohydrate die-
tary pattern with high intake of fat and protein from an-
imal sources has even been associated with increased
GDM risk.207,208 Furthermore, reduced intake of grain-
based foods on a low-carbohydrate diet may compromise
maternal folate status and may increase the risk of NTDs,
particularly in countries where folic acid fortification of
flours is common practice.209 This diet also may not pro-
vide sufficient fiber if whole grains are restricted.

Paleolithic (or caveman) diet; This diet is characterized by
consumption of unprocessed whole foods with a focus
on those foods that were available during Paleolithic
times: whole fruit and vegetables, nuts and seeds,
meat and fish, and eggs and low GI starchy vegetables
(e.g., carrots, squash, sweet potato) as the primary car-
bohydrate sources. This diet restricts grains and grain
products (e.g., bread), dairy, simple sugars, fruit juice,
and processedmeat and fish products. There is currently
insufficient evidence for beneficial metabolic effects of a
Paleolithic diet in general populations.210

While there have been no studies evaluating the ef-
fects of a paleolithic diet in pregnancy, the general focus
on a variety of whole foods suggests that it may bemain-
tained as a healthy diet through pregnancy, provided
carbohydrate intake is not overly restricted. Sufficient
calcium intake should also be sought through nondairy
sources such as nuts, fatty fish, green vegetables, and
fortified nondairy milk alternatives. Avoidance of breads
and other grain-based foodsmay reduce women’s intake
of folate,209 as described above for low carbohydrate
diets. Appropriate folate supplementation and intake of
green leafy vegetables should be advised to ensure
adequate folate status throughout pregnancy.

Gluten-free diet; Avoidance of gluten, a protein found
naturally in all forms of wheat, barley, and rye, is the pri-
mary and critical treatment for celiac disease. However,
there is increasing recognition of the existence of noncel-
iac gluten intolerance/sensitivity, and following a
gluten-free diet may benefit digestive processes and
reduce abdominal discomfort among certain individuals
without a diagnosis of celiac disease.211

A gluten-free diet improves pregnancy outcomes for
women with celiac disease,212 but its effects among
pregnant women with nonceliac gluten sensitivity has
not been evaluated. A gluten-free diet is associated with
inadequate micronutrient status, so adequate fruit and
vegetable intake and appropriate supplementation, partic-
ularly for folate, should be encouraged in pregnancywhen

following this diet, as well as adequate carbohydrate
intake from gluten-free food sources, e.g., starchy vegeta-
bles, rice, quinoa, potatoes, pulses, and fruit.

Intermittent fasting/time-restricted feeding; This is the prac-
tice of consuming daily food within a restricted time
frame so that the overnight fasting period is extended,
e.g., 8-h eating window and 16 h fasting. Although
there is increasing evidence for a range of beneficial
metabolic and cognitive effects of intermittent fasting
in nonpregnant individuals,213 it is not recommended
for pregnancy because the extended fasting window
induces a state of temporary ketosis, which may be
harmful to the fetus.

Food safety and exposure to food-based toxins in
pregnancy

Cell-mediated immune function is decreased in preg-
nancy due to hormonal shifts. As a result, pregnant
women are at an increased risk of contracting food-
borne pathogens. Listeria monocytogenes and Salmonella
enterica are of special interest as they can lead to peri-
natal complications such as stillbirth, spontaneous abor-
tion, and low birth weight.214

Pregnancy can increase the risk of contracting
L. monocytogenes by 10 fold. Unpasteurized milk, soft-
ripened cheeses, and refrigerated ready-to-eat meats and
seafood are associated with the bacterial pathogen
L. monocytogenes. Ready-to-eat meats such as hot dogs,
luncheon meats, and fermented sausage should be heated
to 165�F before consuming. All seafood should reach an in-
ternal temperature of 145�F before consuming, and raw
seafood such as sushi, ceviche, and oysters should be
avoided. Soft, unpasteurized cheeses such as brie, queso
blanco, feta and Roquefort should also be avoided.214

S. enterica is primarily associated with unpasteurized
or undercooked eggs, raw sprouts, and undercooked
meat or poultry. Eggs should be cooked to an internal
temperature of 160�F and foods containing raw eggs
such as Caesar salad dressing, eggnog, and tiramisu
should be avoided.214

The consumption of mercury beyond recommended
levels can negatively impact fetal nervous system devel-
opment. Pregnant women should avoid commercially
available fish with the highest mercury concentra-
tions.215 These include tilefish from the Gulf of
Mexico, swordfish, shark, orange roughy, marlin, and
king mackerel. However, health messages to pregnant
women should emphasize the overall benefits of
consuming low mercury content seafood, including
salmon, sardines, and anchovies (minimum 12 ounces
per week), due to their beneficial high DHA content.216

Other toxic chemical exposures from food sources
during pregnancy are receiving increasing attention for
their potential adverse effects on fetal development.
These include plastics from food packaging (e.g.,
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bisphenol A, di(2-ethylhexyl) phthalate), which are
known endocrine-disrupting chemicals,217,218 and pesti-
cides, herbicides, or fertilizers used in some farming
practices, which have been associated with offspring
endocrine disruption through increased androgen levels

in males and females,219 poorer child neurodevelopmen-
tal outcomes,220,221 and childhood leukemia.222 No pub-
lic health guidelines yet exist to advise reducing
exposure to plastic-packaged and/or consumption of
inorganic foods during pregnancy.

RESEARCH GAPS

Additional studies are needed to determine the following:

• Whether adherence to a Mediterranean diet throughout pregnancy improves maternal and infant outcomes
outside Mediterranean regions.

• The optimal dietary pattern and macronutrient distribution for reducing maternal and neonatal risks
associated with GDM.

• The role maternal triglycerides play in the development of excess fetal growth and adiposity, particularly
among women with obesity and/or GDM, and the importance of providing specific advice for pregnant
women about quality of dietary fat.

• Whether vitamin A supplementation among women with HIV decrease maternal-fetal HIV transmission.
• The effectiveness of iron supplementation for primary or secondary prevention of adverse perinatal

outcomes.
• Whether L-methylfolate supplementation before and during pregnancy provides greater benefit for the

prevention of NTDs than folic acid supplementation on a population level and among women with MTHFR
polymorphisms.

• The requirements and adequate serum concentrations for vitamin D in pregnancy to optimize a broader
spectrum of maternal and infant outcomes beyond skeletal development alone.

• The impact of caffeine on fetal growth and risk of growth restriction.
• Whether reducing toxic chemical exposures from food sources during pregnancy reduces risk of adverse

outcomes in the offspring.
• The optimal gestational weight gain for women with multifetal pregnancies, particularly those with

prepregnancy BMI in underweight category.

Acknowledgments

Wewould like to acknowledge Dr. Lindsay Allen, author of the chapter
on Pregnancy and Lactation of the last edition of Present Knowledge in
Nutrition, and our consultants on the dietary guidance for nutritional
requirements in pregnancy: Dr. Janet King of Children’s Hospital Oak-
land Research Institute (zinc and energy); Dr. Andrea Sharma (vita-
mins A, D, B6, calcium, and iodine) and Dr. Cria Perrine (iodine) of
the Centers for Disease Control and Prevention; and Dr. AnneWilliams
(folate, calcium, and iron) of Emory University.
This chapter is an update of the chapter titled “39. Maternal Nutrient
Metabolism and Requirements in Pregnancy and Lactation” by Lind-
say H. Allen, in Present Knowledge in Nutrition, 10th Edition, edited
by Erdman JW, Macdonald IA, and Zeisel SH and published by
Wiley-Blackwell. © 2012 International Life Sciences Institute. Portions
of this update are from the previously published chapter and the con-
tributions of previous authors are acknowledged.

IV. REFERENCES

1. Frtiz MA, Speroff L. The endocrinology of pregnancy. In: Frtiz MA,
Speroff L, eds. Clinical Gynecologic Endocrinology and Infertility. 8th
ed. Philiadelphia, PA: Lippincott Williams &Wilkins; 2011:269e327.

2. Kelly TF, Savides TJ. Gastrointestinal disease in pregnancy. In:
Resnik R, Lockwood CJ, Moore TR, Greene MF, Copel JA,
Silver RM, eds. Creasy and Resnik’s Maternal-Fetal Medicine: Princi-

ples and Practice. 8th ed. Elsevier, Inc; 2019, 1158e1172.e1154.

3. Liu JH. Endocrinology of pregnancy. In: Resnik R, Lockwood CJ,
Moore TR, Greene MF, Copel JA, Silver RM, eds. Creasy and

Resnik’s Maternal-Fetal Medicine: Principles and Practice. 8th ed.
Elsevier, Inc; 2019, 148e160.e143.

4. Whitty JE, Dombrowski MP. Respiratory diseases in pregnancy.
In: Resnik R, Lockwood CJ, Moore TR, Greene MF, Copel JA,
Silver RM, eds. Creasy and Resnik’s Maternal-Fetal Medicine: Princi-
ples and Practice. 8th ed. Elsevier, Inc; 2019, 1043e1066.e1043.

5. Lawrence RM, Lawrence RA. The breast and the physiology of
lactation. In: Resnik R, Lockwood CJ, Moore TR, Greene MF,
Copel JA, Silver RM, eds. Creasy and Resnik’s Maternal-Fetal Medi-

cine: Principles and Practice. Elsevier, Inc; 2019, 161e180.e163.
6. King JC. Physiology of pregnancy and nutrient metabolism. Am J

Clin Nutr. 2000;71(5 Suppl):1218se1225s.
7. Beesley R, Johnson J. The Breast during Pregnancy and Lactation.

2008. https://doi.org/10.3843/GLOWM.10305.
8. CunninghamFG, LevenoKJ, BloomSL, et al. The puerperium. In:Wil-

liamsObstetrics. 25th ed.NewYork,NY:McGraw-Hill Education; 2018.
9. Cunningham FG, Leveno KJ, Bloom SL, et al. Maternal physi-

ology. In: Williams Obstetrics. 25th ed. New York, NY: McGraw-
Hill Education; 2018.

10. Mastrobattista JM, Monga M. Maternal cardiovascular, respira-
tory, and renal adaptation to pregnancy. In: Resnik RL,
Charles J, Moore TR, Greene MF, Copel JA, Silver RM, eds. Creasy
and Resnik’s Maternal-Fetal Medicine: Principles and Practice. 8th ed.
Elsevier, Inc; 2019, 141e147.e143.

11. Doweiko JP, Nompleggi DJ. The role of albumin in human phys-
iology and pathophysiology, Part III: albumin and disease states.
J Parenter Enter Nutr. 1991;15(4):476e483.

Section A. Lifestage Nutrition and Maintaining Health

3. MATERNAL NUTRIENT METABOLISM AND REQUIREMENTS IN PREGNANCY60

https://doi.org/10.3843/GLOWM.10305


12. Institute of Medicine and National Research Council.Weight Gain

during Pregnancy: Reexamining the Guidelines. Washington, DC: The
National Academies Press; 2009.

13. Arora P, Tamber Aeri B. Gestational weight gain among healthy
pregnant women from Asia in comparison with Institute of Medi-
cine (IOM) guidelines-2009: a systematic review. J Pregnancy. 2019:10.

14. Jiang X, Liu M, Song Y, et al. The Institute of Medicine recommen-
dation for gestational weight gain is probably not optimal among
non-American pregnant women: a retrospective study from
China. J Matern Fetal Neonatal Med. 2019;32(8):1353e1358.

15. Ota E, Haruna M, Suzuki M, et al. Maternal body mass index and
gestational weight gain and their association with perinatal out-
comes in Viet Nam. Bull World Health Organ. 2011;89(2):127e136.

16. Goldstein RF, Abell SK, Ranasinha S, et al. Gestational weight gain
across continents and ethnicity: systematic review and meta-
analysis of maternal and infant outcomes in more than one
million women. BMC Med. 2018;16(1):153.

17. Scott C, Andersen CT, Valdez N, et al. No global consensus: a
cross-sectional survey of maternal weight policies. BMC Preg-

nancy Childbirth. 2014;14:167.
18. Oken E, Kleinman KP, Belfort MB, Hammitt JK, Gillman MW. As-

sociations of gestational weight gain with short- and longer-term
maternal and child health outcomes. Am J Epidemiol. 2009;170(2):
173e180.

19. Kiel DW, Dodson EA, Artal R, Boehmer TK, Leet TL. Gestational
weight gain and pregnancy outcomes in obese women: howmuch
is enough? Obstet Gynecol. 2007;110(4):752e758.

20. Centers for Disease Control and Prevention. Pregnancy Weight

Gain Trackers for Women Pregnant with One Baby. Weight Gain Dur-
ing Pregnancy; 2019. https://www.cdc.gov/reproductivehealth/
maternalinfanthealth/pregnancy-weight-gain.htm#tracking.

21. National Institute for Health and Care Excellence (NICE). Weight

Management before, during and after Pregnancy. Public Health
Guideline [PH27]; 2010.

22. Glazer NL, Hendrickson AF, Schellenbaum GD, Mueller BA.
Weight change and the risk of gestational diabetes in obese
women. Epidemiology. 2004;15(6):733e737.

23. Ehrlich SF, HeddersonMM, Feng J, Davenport ER, Gunderson EP,
Ferrara A. Change in body mass index between pregnancies and
the risk of gestational diabetes in a second pregnancy. Obstet
Gynecol. 2011;117(6):1323e1330.

24. Whiteman VE, Aliyu MH, August EM, et al. Changes in prepreg-
nancy body mass index between pregnancies and risk of gesta-
tional and type 2 diabetes.Arch Gynecol Obstet. 2011;284(1):235e240.

25. Getahun D, Ananth CV, Peltier MR, Salihu HM, Scorza WE.
Changes in prepregnancy body mass index between the first
and second pregnancies and risk of large-for-gestational-age
birth. Am J Obstet Gynecol. 2007;196(6):530e538.

26. Hoff GL, Cai J, Okah FA, Dew PC. Pre-pregnancy overweight sta-
tus between successive pregnancies and pregnancy outcomes.
J Womens Health (Larchmt). 2009;18(9):1413e1417.

27. Paramsothy P, Lin YS, Kernic MA, Foster-Schubert KE. Interpreg-
nancy weight gain and cesarean delivery risk in women with a his-
tory of gestational diabetes. Obstet Gynecol. 2009;113(4):817e823.

28. Institute of Medicine. Dietary Reference Intakes for Energy, Carbohy-
drate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids.
Washington, DC: The National Academies Press; 2005.

29. Bronstein MN, Mak RP, King JC. Unexpected relationship be-
tween fat mass and basal metabolic rate in pregnant women. Br
J Nutr. 2007;75(5):659e668.

30. Moore SE. Nutrition, immunity and the fetal and infant origins of
disease hypothesis in developing countries. Proc Nutr Soc. 2007;
57(2):241e247.

31. Ceesay SM, Prentice AM, Cole TJ, et al. Effects on birth weight and
perinatal mortality of maternal dietary supplements in rural
Gambia: 5 year randomised controlled trial. BMJ (Clin Res ed).
1997;315(7111):786e790.

32. Prentice AM, Goldberg GR. Energy adaptations in human preg-
nancy: limits and long-term consequences. Am J Clin Nutr. 2000;
71(5):1226Se1232S.

33. Moore SE. Early life nutritional programming of health and dis-
ease in the Gambia. J Dev Orig Health Dis. 2016;7(2):123e131.

34. Godfrey KM, Barker DJ. Fetal nutrition and adult disease. Am J

Clin Nutr. 2000;71(5 Suppl):1344Se1352S.
35. Langley-Evans SC. Fetal Programming and Adult Disease. Program-

ming of Chronic Disease through Fetal Exposure to Undernutrition.
Wallingford: CABI Publishing; 2006.
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SUMMARY

Breastfeeding, metabolically akin to a performance sport, has unique dietary and caloric needs. For
months leading up to the moment of initiation of breastfeeding, mammary tissue has been developing
into a branched network of mass-producing secretory cells as mothers’ bodies prepare to burn large
amounts of calories to keep this production on track once copious milk production begins. Not only does
maternal nutrition become important for the infant, it is crucial for long-term maternal health to maintain
replete nutrition status throughout her lactation and beyond. Nutrition is the key to supplying the mother
with the right ingredients for the highest quality milk output. Understanding how nutrition impacts both
mother and baby is a critical step in being able to properly manage and recommend changes in food
routines or supplementation to optimize health status. Lactation nutritional needs differ from other life
stages. Those differences will be discussed in this chapter.

Keywords: Breastfeeding; Diet; Food intake; Lactation; Metabolism; Nutrient deficiencies; Nutrition.

I. SUMMARY

Lactation is time of high metabolic activity and
depending on the age and number of the infants being
fed can effectively doublematernal energy requirements.
In this regard breastfeeding is similar to a performance
sport. Some nutrients have increased requirements dur-
ing lactation while others remain stable. Appropriate
nutrient intake is crucial to ensure maternal needs are
met tomaintain healthwhile providing optimal nutrition
for the growing infant.

II. INTRODUCTION

A. Background

Lactation is a special time for mother and infant,
emotionally and biophysically. To redirect popular focus,

the American Academy of Pediatrics has reaffirmed its
recommendation of “exclusive breastfeeding for about
6 months, followed by continued breastfeeding as com-
plementary foods are introduced, with continuation of
breastfeeding for 1 year or longer as mutually desired
by mother and infant.”1 Metabolic support, in the form
of a balanced food patterns containing a wide variety
of foods, will support maternal health and provide an
optimal concentration of nutrients in the human milk
produced during lactation. Food patterns that are chron-
ically deficient in specific nutrients will compromise the
mother’s health and deplete nutrient stores, and down-
stream, this may limit the nutritive content of the milk
she produces.2

B. Key Issues

With a new baby, a mother’s routine tasks,3 such as
preparing food and eating, can become difficult, thereby
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decreasing both the balance and variety of the foods a
mother consumes. A focus on maternal nutrition is
crucial to maintain maternal health and supporting
optimal health of the breastfeeding infant, and the qual-
ity of maternal food intake during lactation may decr-
ease obesity risk for infants.4 During early lactation,
attention is focused on producing an adequate amount
of milk for her infant and settling in to the routine a
new baby brings. Physiologically, almost all mothers
can produce sufficient amounts of human milk for their
infants.

In the first few days of lactation, colostrum is the
“first” milk to appear and is driven by the shift in
maternal hormones. After the initial hormone-driven
period, approximately 72 h after birth, the determinants
of milk volume are regularity of milk removal (number
of feedings/24-hour period) and the amount of milk
removed at each feeding. In the United States, the com-
mon recommendation is between 8 and 12 feeds in 24 h,
the reported average is 11 times in 24 h.5 However, to
determine what typical feeding behavior is, it is impor-
tant to evaluate lactation behaviors in societies unbiased
by feeding scheduling constraints such as those in devel-
oped countries. When assessing feeding practices in
developing countries, infants are often fed 14 to 18 times
in 24 h.6 In the first 2e3 weeks of lactation, there may be
a wide variety of acceptable feeding routines; however, a
range between 8 and 20 feedings per day is considered
normal.7 As lactation progresses over time, the number
of feedings declines and often decreases in the amount
of time each feeding takes. However, this can vary
particularly during infant growth spurts.

Maternal benefits of breastfeeding

The benefits of consumption of human milk for in-
fants are well known. There are numerous maternal
health benefits with lactation as well. One of the first ef-
fects of breastfeeding immediately after birth is the
decrease in postpartum bleeding and increase in rapid
uterine involution.8 These effects translate into less men-
strual blood loss during lactation and increased child

spacing due to lactational amenorrhea, as long as breast-
feeding continues through the night.9 Given the increase
in calorie expenditure to make milk, breastfeeding women
return to prepregnancy weight more readily than those
who do not breastfeed.10 Among lifetime benefits, there
is a dose response for the lactating woman based on the
cumulative months of breastfeeding for decreased risk
of breast,11 ovarian,12 and endometrial cancers13 and
some evidence of a decreased risk of hypertension for
women who breastfeed exclusively for 6 months.14,15

Breastfeeding is very convenient and may improve
maternal sleep patterns.16

In addition to these public health benefits, it is also
beneficial to the environment and society.17 Breastfeeding
families have less illness, and the parentsmiss less work.18

It is environmentally friendly as it neither requires the use
of an outside energy source for manufacturing infant for-
mula nor creates waste or air pollution.

Contraindications

The readily accepted contraindications to breastfeed-
ing in the United States include mothers infected with
human immunodeficiency virus or infants with inborn
errors of metabolism such as classic galactosemia
(galactose-1-phosphate uridyltransferase deficiency).1

Subjective recommendations against breastfeeding are
often made to mothers taking prescription or illicit
drugs (some examples of common items are shown in
Table 4.1) that can transfer into the milk and thus be
fed to the baby at unpredictable and harmful levels. It
is important to refer to a reliable source for current rec-
ommendations for medication use during lactation.

III. PHYSIOLOGICAL DEMANDS OF
LACTATION

Lactation is a distinguishing feature of mammals. It is
helpful to have a basic understanding of lactation phys-
iology to better understand maternal nutritional needs
during this high-calorie expenditure period of a mother’s
life.19 Starting with mammary tissue development

TABLE 4.1 Examples of subjective opinions on medications. Refer to a current reputable source.

Medication Purpose Use during lactation Notes

Sudafed Decongestant No Decreases milk supply

Benadryl Antihistamine Yes Small, occasional doses considered safe

Zoloft Antidepressant Yes Seemingly does not pass into milk

Depo-Provera Contraceptive Maybea Do not use before 6 weeks postpartum as it can decrease milk supply

St. John’s Wort Herbal supplement Maybea Can interact with other medications, use with caution

Sage Herbal supplement Maybea Purported to decrease milk supply; can cause nausea, vomiting, and diarrhea

aRefer to health care provider.
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during fetal growth, in female infants, reproductive dif-
ferentiation builds the foundational tissues into parturi-
tion. By birth, there is a rudimentary ductal system
present, which provides a scaffolding for elongation and
bifurcation of the ducts during puberty in response to
the increase in estrogen and progesterone hormones. Af-
ter adolescence, the mammary tissue enters a quiescent
phase until pregnancy. During pregnancy, mammary
epithelial cells differentiate into lactocytes with the capac-
ity to synthesize unique milk constituents such as the
sugar lactose, and this phase is known as secretory differ-
entiation. This process requires the presence of a “lacto-
genic hormone complex” comprising adrenocorticotropin,
thyrotropin, growth hormones, and estrogen, progesterone,
and prolactin.20 By the end of the third trimester, the
maternal mammary tissue is ready for the most visible
scene of this biochemical ballet. At birth, the high circu-
lating concentrations of progesterone decrease rapidly
signaling secretory activation.21 Secretory activation has
an array of steps, starting with the precipitous decrease
of progesterone after which the presence of prolactin, insu-
lin, and glucocorticoids causes the tight junctions of the
mammary tissue to become less permeable.22 As secretory
activation progresses toward copious milk production, the
blood vessels in the mammary tissue dilate and become
visible in all colors of skin. Secretory activation is a progres-
sive process in humans rather than an abrupt event as seen
in othermammal as only a small volume (w30mL/24 h) of
colostrum is available during the first 30e40 h after birth.23

Colostrum then transitions to mature milk over the first
7e10 days of lactation.24 Overall, the change from secretory
differentiation to secretory activation at birth increases the
amount of energy needed by the mother by at least 300 cal-
ories per day from the diet and from maternal adipose tis-
sue,25 if available.

IV. NUTRITIONAL REQUIREMENTS

A. Basis for Key Nutrient Recommendations

Infants being breastfed exclusively for the first
6 months of life are dependent upon their mother’s

milk for all their nutritional needs, and lactating
women need to supply adequate nutrients for their
own health needs as well. It has long been thought
that for most healthy women, the nutrient concent-
rations in milk were consistent among women. It is
now known that some nutrients, including vitamins
A, C, D, B1, B2, B3, B6, and B12, fatty acids, and iodine,
in human milk are influenced by prepartum stores and
postpartum daily maternal diet, which will be the focus
in this chapter.

B. Dietary Guidance

Practices

Fluid needs; As mother/infant dyads settle in to their
new routine, the mother’s need for fluids increases. Dur-
ing lactation, water is needed for milk production,
which is 87% water.26 The fluid Adequate Intake (AI)
recommendations for a healthy adult woman, between
the ages of 19 and 50, is 2.7 L per day, and this increases
to 3.8 L per day during lactation.27 Women may be
advised to consume additional fluid if there is a decline
in milk production; however, there is insufficient evi-
dence that fluid consumption above the Recommended
Daily Allowance (RDA) improves milk production
based on a Cochrane review.28 The Academy of Nutri-
tion and Dietetics’ Evidence Analysis Library found no
significant relationships between short periods of
increased or decreased fluid intake (þ25e50% fluid
change compared to baseline) in healthy adult lactating
women and human milk volume.29 Women should be
encouraged to drink to thirst and to have pale yellow
urine, which reflects diluted urine to ensure optimal
hydration.30,31

Energy needs; Lactation requires greater energy ex-
penditure than needed during pregnancy. In the third
trimester, the increased calorie need for a singleton preg-
nancy is approximately 500 kcal/day above prepartum
needs.25 During lactation, energy expenditure is
increased by approximately 600 kcals/day for an average
production of 26 ounces of milk in a 24 h period,32 with
approximately 155 kcals/day coming from maternal

TABLE 4.2 Acceptable macronutrient distribution ranges (AMDR) during lactation as a percentage of total daily calorie intake and in
grams per day.

RDA RDA

Lactation Lipid Carbohydrate Protein Carbohydrate in grams Protein in grams

�18 yr 20%e35% 45%e65% 15%e35% 210

19e50yr 1st 6 months of lactation 20%e35% 45%e65% 15%e35% 210 65 g/1000 kcals

31�50 yr 2nd 6 months of
lactation

20%e35% 45%e65% 15%e35% 210 62 g/1000 kcals
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energy stores.33 For those women feeding multiple in-
fant/s, energy needs increase significantly. For twins,
maternal energy need during lactation is between 1200
and 1500 kcals/day34 For breastfeeding additional
infants, the maternal energy requirement is 500e600
kcals/per infant/day depending on the age and size of
the infants. As an example, a mom of triplets exclusively
breastfeeding in the first 6 months of lactation would
need an additional 1700e2000 kilocalories per day above
her nonlactating need.34 It is rare for moms of triplets to
exclusively breastfeed their infants, and this requires sig-
nificant family support.

Protein; According to the Acceptable Macronutrient Dis-
tribution Ranges (AMDR), an adult person should
consume between 10% and 35% of total calories from
protein. Typically, women, children, and some elderly
consume 13%e15%. The RDA for protein is 0.8 g per ki-
logram of body weight per day for healthy adults. Lacta-
tion increases protein requirement.35 The AMDR ranges
for carbohydrate, protein, and lipid as a percentage of
total kcal/day intake and RDA for protein are shown
in Table 4.2.

While adequate protein intake is important to sup-
port maternal health and prevent malnutrition, excess
intake of any nutrient including protein should be
avoided during lactation. The general health recommen-
dation to avoid high intakes of processed meats that
have been associated with certain cancers and animal-
derived food sources high in saturated fat that may
contribute to heart disease, obesity, and diabetes risk36

also apply to the lactating woman. High protein intakes
should also be avoided in those with chronic kidney
disease as it can accelerate loss of kidney function.37 Pro-
tein supplementation is not needed by those with a
balanced food routine.

Vegetarians; Vegetarian and vegan mothers should
monitor their intake carefully to ensure adequate and
complete protein intake during lactation. Each type of
vegetarianism has different nutrition implications for
maternal risk of nutritional deficiency risks during lacta-
tion if not carefully considered. Protein quality is an
important consideration during lactation. The type of
vegetarian food routine followedwill dictate the nutrient
recommendations for a lactating woman.38 Protein sour-
ces for lactating vegetarians should include complemen-
tary protein patterns such as legumes, seeds, nuts, eggs,
dairy products, soy products, peas, and beans. Minerals
that may be deficient in vegetarian diets include iron,
calcium, zinc, and vitamin B12. Laboratory testing to
determine maternal status for these specific nutrients
may be indicated.35 Lactating women following a vegan
food routine should be monitored for B12 status.39

Lipids; Fatty acids in human milk reflect current maternal
diet,40 prepregnancy food intake, and body lipid stores.41

The popularity of high lipid food routines such as the
Atkins diet brings up the safety of extreme high-fat
diets during lactation.42 These food routines are not
appropriate for women during lactation as they are far
outside the AMDR recommendations and may alter
lactation outcomes,43,44 and many consist of 60% or
more calories from lipids rather than the recommended
amount of 35%(see Table 4.2.), which may not be a safe
intake of lipids long-term. While excess lipid intake is
not recommended, the fatty acids, linolenic (ALA, 18:
3 U 3)45 and linoleic acid (LA, 18:2 U 6),46 are essential
nutrients and must be obtained from routine intake.
These essential fatty acids can be desaturated and
elongated to form long-chain polyunsaturated fatty
acids, including arachidonic (AA) and docosahexaenoic
(DHA) acids. However, this conversion is a competitive
process in that high intakes of LA can decrease the
conversion of ALA to DHA.47

Omega “6 and 3” fatty acids; A balance of ALA (omega 3)
and LA (omega 6) is important during lactation to
ensure maternal replete status and ensure adequate
amounts of DHA in human milk especially for those
who do not eat fatty fish and other sources of DHA.
DHA has been shown to lower blood pressure, reduce
blood viscosity, increase cell membrane fluidity, and
alter many basic properties of cell membranes changing
the way nutrients, waste, and toxins move into and out
of the cells.48 Maternal intake and stores of omega-3
fatty acids supports infant neurologic development,49

and higher intakes are associated with long-term
maternal health benefits, including protection against
heart disease and possibly stroke.50 New studies are
identifying potential benefits of lipid antiinflammatory
agents for a wide range of conditions including cancer,
inflammatory bowel disease, and autoimmune
diseases such as lupus and rheumatoid arthritis.51

During infancy, AA acid and DHA must be obtained
through breast milk or formula as infants are unable to
produce enzymes in sufficient amounts to produce these
long-chain fatty acids from essential ALA and LA mak-
ing DHA and AA conditionally essential fatty acids.52

Although, as shown in stable isotope studies, infants af-
ter birth can convert some ALA and LA into DHA and
AA, respectively, their enzyme activity for this process
is low. DHA and AA fatty acids are essential for normal
infant growth of the eyes, brain, and nervous system.53

DHA intake in most American diets is low at an
average of 150 mg/day, which is equivalent to 1 fish
meal every 10 days, while in Europe, it is 180 mg/day,
which is equivalent to 1 fish meal every 7 days.54 The
American Heart Association recommends that people
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without coronary heart disease take in 300 mg/day, and
for people with coronary heart disease, the intake
should be 1000 mg/day. While there is not yet a recom-
mendation for the amount of DHA that should be
consumed during lactation, it has been suggested that
women of childbearing age consume 200 mg of DHA
each day.55 DHA supplementation of mothers has been
reported to augment the IQ at 4 years of age and may
improve eye and hand coordination at 2 years of age
of their breastfed infants.56,57

In a study of DHA supplementation versus food in
lactating women, after 2 weeks of supplementation, the
milk of those in the Intervention group (supplemented
with DHA) contained the higher levels of DHA than
the Control group (placebo). The Intervention group
took in 250 mg/day as a supplement. The Control group
took in 70 mg/day from food. The Intervention
group had a 28% higher concentration of DHA in their
milk after a 14-day supplement treatment. The increase
of DHA in the milk was present between 6 and 8 h after
taking the supplement.57

Carbohydrates; Increasing complex carbohydrate intake
may be helpful during lactation. During lactation and
early motherhood, it is common to have periods of
erratic meals or food intake, “feast and famine,” due to
difficulty balancing regular meal preparation and hav-
ing a new baby. Having readily available healthy snacks
that combine carbohydrates with protein and lipids can
decrease fluctuations in blood glucose due to insulin
response to carbohydrate intake. The AMDR recommen-
dation for carbohydrate is between 45% and 65% of total
daily kcals. The level of carbohydrate intake will move
within this range depending on the individual’s needs
and health goals. For example, lower levels of carbohy-
drate can reduce exercise performance in anaerobic
activities58 and decrease the amount of glycogen replen-
ishment after activity.59

Vitamins; Water-soluble vitamins (C and B vitamins)
and lipid-soluble vitamins (A, D, E, K) are present in
human milk, and concentrations are reflective of

maternal nutrient status.35 Maternal micronutrient
needs are elevated during lactation for several
vitamins and minerals27 (see Tables 4.3 and 4.4).
Vitamin and mineral content of human milk will
usually remain consistent in cases of short-term reduced
maternal intakes at the expense of maternal stores in
well-nourished women.25,60e62 However, a number of
studies show that after prolonged reduced intake of
specific micronutrients, milk micronutrient
composition may be compromised but milk volume is
not impacted.27,62e66

Studying the micronutrient composition of human
milk has several limitations including the wide variation
of nutrient concentrations between milk produced for
preterm versus full-term infants, the sex of the infant,
stage of lactation, genetic factors, environmental factors,
season, method of collection and storage of milk samples,
and time of day and the time during a feed at which the
milk sample was collected.62,67 Also, as Allen et al. points
out, most current research studies on the topic have small
sample sizes and do not offer longitudinal data.67

Fat-soluble vitamins; The present vitamin K recommenda-
tion for lactating females 19 years of age and older of
90 mg/day (shown in Table 4.3) is based on the amount
needed to prevent bleeding. Overall, vitamin K content
is low in human milk, and variations in maternal diet
do not appear to significantly alter its concentration.68,69

Concentrated in early colostrum and then lipid-rich
portion of mature milk, vitamin K is transported in the
core of the milk-fat globule.70,71 Due to the risk for
neonatal hemorrhage syndrome, it is recommended
that infants receive a 0.5e1.0 mg dose of vitamin K1
(phytonadione) intramuscularly at birth after the first
breastfeed, but no more than 6 hours postpartum as a
preventive measure.1

Vitamin D deficiency among women and children is a
growing concern domestically and internationally.72,73

Deficiency and insufficiency are becoming common in
women of childbearing age74,75 Nondietary risk factors
include inadequate sunlight exposure and darker

TABLE 4.3 Dietary reference intakes (DRIs) for the United States and Canada: Vitamins intake during lactation.

Age

Vitamin

A (mg/

day)

Vitamin

C (mg/

day)

Vitamin

D (mg/

day)

Vitamin

E (mg/

day)

Vitamin

K (mg/

day)

Thiamin

(mg/

day)

Riboflavin

(mg/

day)

Niacin

(mg/

day)

Vitamin

B6 (mg/

day)

Folate

(mg/

day)

Vitamin

B12 (mg/

day)

Pantothenic

acid (mg/

day)

Biotin

(mg/

day)

Choline

(mg/

day)

14e18
yr

1200 115 15 19 75 1.4 1.6 17 2.0 500 2.8 7 35 550

19e30
yr

1300 120 15 19 90 1.4 1.6 17 2.0 500 2.8 7 35 550

31e50
yr

1300 120 15 19 90 1.4 1.6 17 2.0 500 2.8 7 35 550

NOTE: An Estimated Average Requirement (EAR) is the average daily nutrient intake level estimated to meet the requirements of half of the healthy individuals in a group.

EARs have not been established for vitamin K, pantothenic acid, biotin, choline, chromium, fluoride, manganese, or other nutrients not yet evaluated via the DRI process.
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TABLE 4.4 Dietary Reference Intakes (DRIs) for the USA and Canada: Mineral intake during Lactation

Age

Calcium

(mg/

day)

Chromium

(mg/

day)

Copper

(mg/

day)

Fluoride

(mg/

day)

Iodine

(mg/

day)

Iron

(mg/

day)

Magnesium

(mg/

day)

Manganese

(mg/

day)

Molybdenum

(mg/

day)

Phosphorus

(mg/

day)

Selenium

(mg/

day)

Zinc

(mg/

day)

Potassium

(g/day)

Sodium

(g/day)

Chloride

(g/day)

14-18
yr

1,300 44* 1,300 3* 290 10 360 2.6* 50 1,250 70 13 5.1* 1.5* 2.3*

19-30
yr

1,000 45* 1,300 3* 290 9 310 2.6* 50 700 70 12 5.1* 1.5* 2.3*

31-50
yr

1,000 45* 1,300 3* 290 9 320 2.6* 50 700 70 12 5.1* 1.5* 2.3*

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). An RDA is

the average daily dietary intake level sufficient to meet the nutrient requirements of nearly all (97e98 percent) healthy individuals in a group. It is calculated from an Estimated Average Requirement (EAR). If

sufficient scientific evidence is not available to establish an EAR, and thus calculate an RDA, an AI is usually developed. For healthy breast-fed infants, an AI is the mean intake. The AI for other life stage and gender

groups is believed to cover the needs of all healthy individuals in the groups, but lack of data or uncertainty in the data prevent being able to specify with confidence the percentage of individuals covered by this

intake.
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pigmented skin.73 Human milk vitamin D content and
subsequent infant serum 25(OH)D concentrations are
associated with maternal stores. Vitamin D in human
milk also comes from maternal dietary intake as well
as sunlight exposure during pregnancy and post-
partum.76 Vitamin D uptake into human milk is mini-
mal, providing roughly 15 IU/day to the exclusively
breastfed infant.68 Maternal obesity also appears to be
negatively correlated with vitamin D in human milk.62

As a precaution, the National Academy of Medicine
and the American Academy of Pediatrics recommend
that exclusively breastfed infants receive 400 IU of sup-
plemental vitamin D daily.77 Due to poor tolerance and
compliance in treating infants, maternal supplementa-
tion of high doses of vitamin D as an alternative to direct
infant supplementation was tested.78,79 Hollis et al.
concluded that infants 25(OH) D status did not differ
between those who received 400 IU cholecalciferol
directly and those whose mothers took 6400 IU daily
for 7 months during breastfeeding.78 However, the Acad-
emy of Nutrition and Dietetics position paper states that
there is currently insufficient evidence that maternal
supplementation of vitamin D could replace the need
for infant supplementation.80

Colostrum is rich in retinol, and the concentration de-
clines as milk matures, until weeks 2 and 4 at which time
the level is stabilized. The lipid composition of human
milk along with maternal intake of retinol has been
associated with the retinol content of human milk.60,64

Supplementationwith b-carotene improves retinol concen-
trations in human milk of vitamin Aedeficient women
but does not have the same effect in well-nourished
women, whereas preformed retinol supplementation
during pregnancy may increase retinol in colostrum in
well-nourished women.68 Lactating women supple-
mented with one dose of 200,000 IU retinyl palmitate,
postpartum saw increases in colostrum retinol concen-
tration81 but not in mature milk, and a-tocopherol
bioavailability was decreased as an unintended side ef-
fect.82 Carotenoid compounds in milk, including lyco-
pene, lutein, zeaxanthin, and b-carotene, are positively
correlated with maternal dietary intake. Maternal
obesity appears to have a negative impact on lutein
and zeaxanthin in human milk.83

Colostrum is rich in a-tocopherol, the predominant
form of vitamin E in human milk. a-Tocopherol declines
within the first month of lactation and appears to remain
stable frommonth 3 through 6. Studies examining the ef-
fect of diet on the vitamin E concentration in human
milk have conflicting results. In some studies, the overall
lipid content of human milk appears to influence
vitamin E content, while in others, there was no impact
of maternal food or supplement intake on vitamin E in
human milk.84,85 In further studies using vitamin E

supplementation, an increase was seen in colostrum
and transitional milk with natural forms of vitamin E
having a greater effect than synthetic forms. This con-
trasts with findings that demonstrate vitamin E concen-
tration did not increase in mature milk after
supplementation.86,87

Water-soluble vitamins; Vitamin B concentrations are
higher in transitional and mature milk than in
colostrum.64,88,89 While maternal dietary intake of thia-
mine influences human milk concentrations,90 it appears
to only increase thiamine in the breast milk of thiamine
deficient mothers.91 Infants who are exclusively breastfed
have lower vitamin B12 concentrations at 4e6 months
than those who drink cow milk or infant formula. Both
maternal diet and maternal vitamin B12 status corre-
lated with human milk concentration.89 Infants whose
mothers are chronically deficient or have malabsorption
of vitamin B12 are at increased risk for deficiency, as are
the infants of mothers who consume a macrobiotic or
vegetarian diet.60 Human milk vitamin B12 concentra-
tion responds to supplementation in mothers who are
deficient but does not appear to increase B12 in those
who are well nourished.67 If symptoms of deficiency
appear, both mother and infant should be treated with
vitamin B12 intramuscularly.89 While maternal supple-
mentation with riboflavin increases the concentration
in human milk in the short term, it does not have the
same effect long term.67 Both riboflavin92 and vitamin
A93 are susceptible to photodegradation. To prevent
the loss of these vitamins in human milk, expressed hu-
man milk should be stored in an opaque container in the
refrigerator or freezer.94

Maternal folate intake recommendation during
lactation only increases by about 25%, despite high in-
fant folate needs. Folate concentrations in human milk
are higher than in maternal plasma, which may be the
result of increased transport of folate into human
milk. Folate concentrations are higher in mature milk
than colostrum,95 and folate in human milk is in the
form 5-methyltetrahydrofolate. Studies of folic acid
supplementation versus food intake of folate have no
increase in milk folate.96,97 Vitamin B6 increases in hu-
man milk over the first few weeks of lactation and then
declines gradually and may not be able to meet infant
needs after 6 months.67 Human milk concentration of
vitamin B6 is highly affected by maternal food intake
and supplementation.98

Vitamin C, which is involved in immune function,
is more concentrated in colostrum than mature milk.99

However, its concentration varies depending onmaternal
diet and supplementation appears to have the greatest
impact in deficient mothers.78,88,100,101 Refrigeration and
freezing substantially decrease vitamin C concentration
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in expressed human milk and should be considered if
expressed human milk is the primary form of nutrition
for an infant.102 Smoking and diabetes are also negatively
associated with human milk vitamin C concentrations.60

Due to rapid growth, infants require large amounts of
choline,103 and choline concentration doubles in human
milk by 6e7 days after birth and in maternal serum
12e28 days postpartum.103,104 Maternal intake influ-
ences the amount of choline in human milk, and genetic
polymorphisms may increase the maternal or infant
requirement for choline.105

Minerals; Though human milk is low in iron, it is highly
bioavailable. Human milk is also rich in vitamin C,
(if maternal intake is sufficient) further increasing iron
bioavailability. Exclusive breastfeeding elongates the
duration of postpartum amenorrhea, which allows the
mother to retain more of her own iron stores. Amenor-
rhea decreases iron needs in the mother until menstrua-
tion resumes.25,106 Since iron in human milk is low,
infant iron status relies more on fetal stored iron
accumulated during gestation.67 If the infant is found
to be deficient in iron, supplementation may be indi-
cated, as is often the case in infants whose mothers
were deficient during pregnancy, in developing coun-
tries and in some premature or low-birth weight
infants. Maternal intakes of iron, both dietary and
supplemental, postpartum appear to not affect the iron
content of milk.60,66 As infant iron stores accumulate in
the third trimester of pregnancy, low maternal stores
result in an early infant deficit. Iron concentrations in
both mother and infant decrease with age.107

Calcium, phosphorus, magnesium, copper, zinc, fluo-
rine, and sulfur levels also appear to be stable in
human milk despite varying levels in maternal dietary
intake.25,63,66,108 Maternal urinary calcium excretion de-
creases during lactation and mobilization from bone in-
creases, allowing maternal dietary need for calcium to
remain the same as a nonlactating female adult.25 A
study comparing two different culturally based food
patterns in Ethiopia determined that maternal diets
richer in calcium resulted in human milk that was
higher in calcium,66 while Daniels et al. found that con-
centrations were consistent in human milk despite less
than AIs by Indonesian women.64 However, human
milk calcium and zinc concentration does decline
when milk volume is less than 300 mL per day.62

Sodium, potassium, and chloride concentrations in
human milk are regulated by the mammary secretory
cell across an electrical potential gradient. However, so-
dium concentration increases in milk when the daily vol-
ume decreases.62 Phosphorus content of human milk is
lower than in other mammals.

Maru et al. found that copper concentrations in milk
appeared to correlate with maternal diet. The researchers
concluded that decreased copper in human milk may be
more likely attributed to prolonged diarrhea in addition
to poor dietary intake rather than diet alone in areas of
the world where medical resources are scarce and diar-
rhea is common.66 Selenium and iodine concentrations
in human milk are related to maternal dietary intakes
and are usually associated with soil mineral content in
the region.27,109 Low maternal intake of selenium can
result in clinical deficiency in the exclusively breastfed
infant.67 The mammary gland has preferential uptake
for iodine, suggesting that iodine moves into human
milk preferentially at the expense of the mother’s iodine
status andmay not decline in milk until maternal intakes
have been decreased for a long period of time.110

Maternal smoking decreases iodine in human milk.111

Maternal smoking increases the concentration of serum
levels of thiocyanate. The decrease of iodine in human
milk may be due to the competitive inhibition of the
sodiumeiodide symporter in the lactating mammary
gland by thiocyanate responsible for iodide transport.111

Given the varying effectiveness of vitamin and min-
eral supplementation on human milk composition, and
micronutrient concentration as compared to absorption
from food, a nutrient-dense maternal dietary pattern
through moderate intake of a wide variety of food best
supports maternal health and boosts the nutritional
quality of human milk.64,86,97

Issues of concern

Bariatric surgery; Gastric bypass surgery has increased
from an estimated 113,000 in 2007112 to 228,000 in
2017.113 Women of childbearing age, 18e45 years of
age, make up 50%114 or more115 of the patients undergo-
ing bariatric surgery, and this is not a contraindication
for breastfeeding. Jans et al.116 report that the milk of
postbariatric surgery patients is adequate in energy,
macronutrients, and vitamin A for at least the first
6 weeks of breastfeeding. Patients should be monitored
for nutritional deficiencies including B12 as maternal
B12 deficiency can result in infant deficiency in an exclu-
sively breastfed infant.117 As limited data are available
in this population, regular nutritional screening is
advisable.

Substances of concern; Some common substances in
maternal diets may be cause for concern in lactating
women. Caffeine, chocolate, and alcohol transfer into hu-
man milk, with caffeine in human milk peaking at 1e2 h
after ingestion.118 Coffee and chocolate consumption has
not been proven to impact infant sleep patterns, but
caffeine metabolism in infants is slower than in adults.
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Maternal intake of coffee and chocolate has been associ-
ated with colic in infants.119 The recommendation for
maternal caffeine intake is less than three cups of coffee
per day (<450 mg caffeine/day), although research sug-
gests that most infants are not affected by caffeine intake
less than 750 mg/day (about five5 cups of coffee equiva-
lents).120 The AAP recommends no more than 450 mg of
caffeine a day.1 Typical servings of coffee contain 150 mg
of caffeine per serving, tea varies between 6 and 110 mg
per serving, and soda can vary by brand. Caffeine con-
tent varies greatly between coffees, depending on the
brand and strength of the brew. For example, an eight-
ounce cup of coffee can range from 95 to 200 mg of
caffeine.

C. Other Guidance

Exercise

Moderate exercise is health promoting for lactating
women121 and does not adversely affect milk production
or composition,122 nor does it negatively impact infant
growth.123 Exercise can improve the mother’s overall
health and sense of well-being.124 Elite athletes have
been reported to breastfeed for longer durations and at
higher rates than members of the general public.125 At
the other end of the weight spectrum, lactating women
who are obese decreased their health risks after a
twelve-week structured food and exercise routine.
The improved health parameters that persisted up to
the one-year follow-up included fasting insulin, total
cholesterol, LDL cholesterol, and waist circumference
persisted at the 1 year follow-up.126

While mothers will seek out nutrition information,
among low-income mothers most were interested in
seeking information on the Internet for infant health
information.127 Often, the information women found
on the Internet was incomplete or wrong.128 Health
professionals stated that a centralized website could
help mothers by providing information on feeding/
breastfeeding, the infant’s needs, and “baby blues,”128

indicating that these mothers may be more interested in
nutrition information with a focus on the mothereinfant
dyad rather than solely on maternal health.

Allergies and food sensitivities

The prevalence of food allergy is increasing in both
developed and developing countries in the decade.129

Rates as high as approximately 10% have been re-
ported.130 It is predicted that there will be a continued
increase in food allergy prevalence until effective treat-
ment is identified.131 Unless a specific food allergy is
already identified, no maternal dietary restrictions are
required during lactation. Healthy, balanced maternal
food routines inclusive of fruits, vegetables, and vita-
mins may play an important role in the prevention of in-
fant allergies132 and have myriad advantages to general
health and well-being of the mother. The reason posited
for the upsurge in prevalence of food allergies is “mod-
ern lifestyle,” which is poorly understood.133 There
remains a need for large-scale randomized controlled
trials for all other nutritional interventions in the hope
that more can be done for the primary prevention of al-
lergies in the future.134

It is not recommended that lactating women follow
food routines that exclude specific foods as it increases
the risk of inadequate nutrient intakes needed to
support maternal and infant health.25 No significant
differences have been found between mothers on
restricted and unrestricted food routines on the devel-
opment of their breastfed infants developing asthma
as children.135,136

Weight loss supplements

It is not recommended that lactating women use
weight loss aids, either over-the-counter medications
or food supplements designed for weight loss. One
such weight loss aid is Orlistat. This over-the-counter
drug prevents the digestion and absorption of lipids
from food. Orlistat blocks the action of the lipase
enzyme and thereby stops the digestion of some of di-
etary lipids.137 Orlistat blocks about 25% of the lipid
in a meal. The unabsorbed lipid is excreted in the stool.
While it is possible that an extremely low level of Orli-
stat gets into maternal circulation, it can interfere with
the absorption of lipid-soluble vitamins, A, D, E, and K
in the gastrointestinal tract.138
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RESEARCH GAPS

Future directions and gaps in knowledge

Insufficient research has been conducted to evaluate the impact of maternal diet on the composition of human
milk. More needs to be known about the direct and indirect relationship between maternal intake and availabil-
ity of nutrients in human milk. Additionally, the relationship between mothereinfant interaction at the breast
with the movement of infant saliva into the breast is thought to change the microRNA, which may play a
role in regulating infant health.139 It is speculated that maternal high-lipid food intake impacts the regulation
of some microRNAs.140 More research is needed to decipher the impact on infant short- and long-term health
outcomes, as well as potential impact on maternal health.

The use and the impact of cannabis sativa (marijuana), tetrahydrocannabinol (THC), and cannabidiol by
lactating women is a new area of study. The active ingredients in marijuana pass into human milk and result
in infant exposure.141 THC has been shown to be present in measurable amounts in human milk up to 6 days
after maternal use.142 Breastfeeding women in locations with legalized recreational use of cannabis self-report
that approximately 5%were using cannabis while breastfeeding in the early postpartum.143With little published
evidence in the medical literature, changes in cultural belief, the legality of use, and no consensus in professional
guidelines, more information is needed.144,145

Microbiome

The intestinal microbiota is strongly personalized and influenced by environmental factors, especially dietary
intake patterns. While dietary intake influences organism variety, plenty, and function,146 the impact of the
maternal microbiota on health and well-being based on nutritional and infant interaction is not well defined.
Very little is understood about the mechanisms involved in the regulation of microbiome organism populations,
and there is increasing evidence that suggests that maternal overnutrition or poor food patterns can influence the
development and variety of organisms in the infant gutmicrobiome.147 The lactating breast microbiome has yet to
be completely characterized. A major role for breast microbiome and the human milk microbiome inoculum for
the infant gut has been proposed. Women with obesity have lower microbial diversity, increased abundance of
opportunistic pathogens, and depletion of commensal obligate anaerobes, and how this is related to maternal
health, human milk, and infant health is unknown.148 The human milk microbiome is a part of the physiology
of the maternal mammary tissue and a predictor for the infant gut microbiome.148 There are suggested potential
health benefits and an emerging connection between the human milk microbiome and mammary gland physi-
ology and lactation.149
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SUMMARY

Aging has profound effects on body functions and health influencing the nutritional needs and choice of
food of older persons. Most notable are the changes in body composition leading to a decrease in lean
body and particularly muscle mass and a decline in organ tissue and bone mineral density while body fat
content is increasing. The associated loss of active cell mass causes a reduction of resting energy
expenditure. However, the requirements of most nutrients are not or only minimally changed so that the
diet has to be more nutrient-dense to ensure a sufficient supply of essential nutrients. Moreover, some
nutrients have special preventive and additional health effects such as protein, vitamin D, and calcium
with regard to bone and muscle function and antioxidants and n-3 PUFAs that protect against oxidative
stress and inflammatory diseases. Therefore, a balanced diet and regular physical activity should be
adopted to support healthy aging.

Keywords:Anorexia of aging; Body composition and aging; Chronic inflammation; Immunosenescence; Nutrient
density; Sarcopenia.

I. INTRODUCTION

All over the world, populations are getting older,
most notably in the industrialized high-income coun-
tries but increasingly also in middle- and low-income
countries. In 2017, the global number of persons aged
60 years or more was estimated to 962 million and
thus has more than doubled since 1980 when 382 million
persons were at least 60 years old. This number will
further increase and is predicted to reach over 2 billion
by 2050.1 While a rising life expectancy is the main
driver of this growth, it is not necessarily associated
with better health in later life. Against this background,
the maintenance of good health in older age is of great
importance. The WHO has recently defined healthy
aging as “the process of developing and maintaining
the functional ability that enables well-being in older
age.”2 Adequate healthy nutrition is an essential contrib-
utor to this goal. Aging has profound effects on the
physiology and functions of the body that in turn

influence the nutritional requirements of elderly per-
sons. Although it is a continuous process and begins
as early as in the third life decade, manifest effects of ag-
ing generally start appearing with the onset of meno-
pause in women and at about 60e65 years in men.
Generally, the group defined as elderly is very heteroge-
neous, more so than other population groups, due to the
individual variability of the progression of aging and
the health and fitness state.2 These factors also influence
the nutritional needs of older persons.

II. PHYSIOLOGICAL DEMANDS OF
OLDER PERSONS

A. Age-Related Changes in Body Composition
and Functions

Aging is associated with a number of physiological
changes that determine the functionality and performance
of the body. These changes also influence the body’s
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requirement for energy and nutrients. Overall, the last
third of life is characterized by the decline of body func-
tions and tissue mass. The onset of this gradual process
varies by function and tissue as well as individually
(Fig. 5.1).

Most notable is the decrease of lean bodymass (LBM),
mostly in the form of muscle, and of bone mass.5,6,7 This
loss of LBM is characterized by a decline in the cell frac-
tion.8 Between the ages of 20 and 80 years, on average

about 40% of the muscle mass are lost.9 In turn, body
fat content increases until the age of 70e80 years with
a slight decrease thereafter.3,4,10 These changes often
lead to maintenance of total body weight. Due to the
fact that body height is often reduced, the body mass in-
dex (kg/m2) does also not change markedly. However,
due to the greater loss of LBM, the relative fat content in-
creases continually.8,4,11,7,12,10 The accretion of body fat
occurs predominantly in the abdominal area where it

FIGURE 5.1 Age-associated changes in body composition and muscle mass. The dotted line indicates the trend in fat mass increase observed
in three other studies.3,4,10 Based on data from Ref. 5.
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is associated with insulin resistance and cardiovascular
risk factors.13,14 Furthermore, fat is also accumulated
ectopically in organs, muscle, and bone.11

Sarcopenia

Loss of muscle mass is a normal age-associated phe-
nomenon, also known as sarcopenia (derived from
Greek sάrx [sárx] meaning flesh and pεnίa [penia] mean-
ing poverty) that, in addition to a quantitative reduction
of muscle mass, involves a qualitative loss of muscle
function. The reduction of muscle mass begins in the
third decade life significantly manifesting from the fifth
decade onwards and is of the order of 6% per decade
resulting in a loss of about 25% of muscle mass between
the ages of 45 and 85 years.15,16 Sarcopenia is defined as
a loss of muscle mass combined with low muscle func-
tion as evidenced by decreased muscle strength and/
or physical performance.17 Motor units, i.e., bundles of
muscle fibers innervated by a motor neuron, contain
exclusively one type of fiber. Fast-twitching type II mo-
tor units are characterized by a higher number of fibers
with a larger cross-sectional area and higher contractile
velocity giving them greater force, even though they
tire more easily and have a lower endurance than slow-
twitching type I motor units. Aging, and sarcopenia in
particular, is associated with a reduction of both slow
and fast muscle motor units, but the loss of fast motor
units is more pronounced. Moreover, there is a conver-
sion of fast-contracting type II myosin fibers to slow-
contracting type I fibers causing a loss of muscle power
needed for fast movements such as standing up or
climbing stairs. This loss is accompanied by atrophy of
type II fibers resulting in a decline in muscle cross-
sectional area and the denervation of motor units. Motor

neurons and nerve fibers are lost and neuromuscular
junctions are altered.18,19,20 Muscle strength was shown
to decline by 50%e60% between the third and the ninth
decade of life in men.21 The synthesis of muscle protein
decreases due to a lower secretion of hormonal stimula-
tors such as insulin-like growth factor 1 and growth hor-
mone and the increase in proinflammatory mediators
(especially tumor necrosis factor alpha and interleukin
6) that promote protein degradation and apoptosis of
muscle cells.20 Moreover, aging muscle is increasingly
infiltrated by fat tissue with a two fold to threefold rise
in the content of noncontractile elements between
25e45 and 65e85 years of age.22 The replacement of
muscle tissue by fat leads to the development of sarco-
penic obesity causing further declines of muscle quality
and performance.17 Sarcopenia is associated with a
higher risk for frailty and disability and hence a loss of
independence16 (Fig. 5.2).

Changes due to decreased organ function

There is also a loss of organ mass that results in
reduced organ-related functions and metabolic pro-
cesses. A good example is the kidney that shows an
age-related occurrence of functional and structural alter-
ations that can be studied in detail in the frame of the
health examinations of kidney donors. It was found
that degenerative macrostructural changes occur in the
human kidney even in the absence of comorbidities.
Starting at about 50 years, the kidney volume decreases
at a rate of about 20 cm3 per decade. This decline is due
to a loss of cortical volume, while medullary volume in-
creases between 30 and 50 years. Age-related microana-
tomical changes include nephrosclerosis, consisting of
arteriosclerosis of the kidney arteries and arterioles,

FIGURE 5.2 Causes for the development and progression of sarcopenia.
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glomerulosclerosis, tubule atrophy, and fibrosis. This is
accompanied by a loss of nephrons and a compensatory
hypertrophy of the remaining nephrons.23,24 After
40 years of age, glomerular filtration rate starts to
decrease by about 8e10 mL/min per decade25 and in
elderly often falls below the threshold of <60 mL/min/
1.73 m2 used to define chronic kidney disease. However,
a moderate reduction is not generally associated with
higher mortality, and the threshold may not apply to
older individuals.23

The functional changes of the kidney decrease its
capacity to concentrate the urine associated with higher
obligatory urine volumes. The resulting greater fluid
loss is compensated by lower nonrenal water losses
such as reduced sweating, especially in elderly men,
and by higher fluid intake.26 However, the hydration
balance in older persons can be disturbed by exposure
to high temperatures as well as by impaired thirst
perception with a lower compensatory fluid intake.27,28

Alongside LBM, total body water also shows a
decrease with aging, falling from over 55% in young
men and just under 50% in young women (<30 years)
to well below 50% in elderly persons.29,30,31 However,
this decline is entirely due to the decrease in LBM as
the hydration level of the fat-free mass remains constant
or even slightly increases, amounting to about 73% on
average.31 The decrease of body water mostly occurs
in the intracellular compartment in accordance with
the loss of cell mass.29

B. Effect of Aging on Bone Mass and Mineral
Density

Aging is associated with a loss of bone mass and a
decrease in bone mineral content, referred to as osteope-
nia. This process begins shortly after the end of the
period of growth when peak bone mass is reached, by
the age of 15e30 years depending on bone site.79,33,34

However, this early degradation is slow and mostly
due to a reduced bone formation.35 In women, a signif-
icant increase in bone loss occurs with the onset of
menopause when the rate of bone mineral loss rises
from �10% per decade to 40% per decade and more.36

Despite differences between individual bone sites, the
loss of bone mass is more pronounced for the trabecular
bone, i.e., the inner spongy part of a bone, than for the
dense and solid cortical bone.36 Overall, between the
ages of 20 and 90 years, trabecular bone mineral density
at central sites has been reported to decrease by 55% and
46% in women and men, respectively, while the decline
was smaller at peripheral sites, and showed no significant
differences between sexes (�24% in women vs. �26% in
men). A smaller decrease was also seen in cortical min-
eral density that was larger in women than in men
(about �25% vs. �18%, respectively).37 The higher loss

in women has been linked to a greater decline in perios-
teal apposition (the deposition of new bonematerial from
the outside) in women than in men.

The decrease in bonemass andmineral content can ul-
timately lead to osteoporosis. Osteoporosis is character-
ized by a loss of bone mass and a microstructural
deterioration that exceeds the normal aged-related
decline and is due to an imbalance between bone resorp-
tion and formation. This alteration of bone structure
reduces the density and strength of bone and is associ-
ated with a high fracture risk.38 Although affecting both
sexes especially in later life, osteoporosis is more com-
mon in women with the onset of menopause because
estrogen has a stimulatory effect on bone-building osteo-
blasts by promoting the release of growth factors
and through antiinflammatory effects, and it inhibits
the generation and activation of osteoclasts.39 Estrogen
deficiency shifts the balance between bone formation
and bone resorption toward the latter. Besides hormonal
deficiency, the proinflammatory status associated with
aging as well as certain medications that are frequently
used by older persons promotes the development of oste-
oporosis.39 However, nutrition and lifestyle are also
important determinants of bone metabolism and can
thus influence the development of osteoporosis.39

C. Age-Related Changes in Energy
ExpendituredEffects of Body Composition
and Physical Activity

The changes in body composition during aging have
effects on the energy expenditure. The decrease in LBM
and metabolically active organ tissue entails a decline of
resting energy expenditure (REE) that has been found to
be about 1%e3% per decade.40 Together with a generally
lower physical activity, this leads to a reduction in total
energy expenditure. However, the decrease in REE
cannot be fully explained by the loss in LBM. In a study
in German elderly persons (aged � 60 years) combining
cross-sectional and longitudinal data over a period of
10 years, the decline of REE was greater than predicted
by the changes in body composition and higher in
men than in women. In addition to fat-free body mass,
age was a significant predictor of REE, and a decrease
of 1.5%e2% and 4.1%e5.2% per decade was observed
in women and men, respectively, corresponding to
100 kJ (24 kcal) per decade in women and 300 kJ
(70 kcal) per decade in men, regardless of body compo-
sition.41 Among the factors underlying the observed dis-
crepancies are decreases in the cell fraction of LBM and
of the metabolic activity of various organs42 as well as
disturbed organ function following ectopic fat de-
position. Moreover, a reduction of 50% in the mitochon-
drial oxidative performance in elderly (65e80 years)
compared to younger adults (25e48 years) was
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reported43 as well as a decrease in NaeK pump activ-
ity44 that would contribute to the decline in REE.

In addition to the lower REE, a lower physical activity
level in older persons contributes to a decrease in total
energy expenditure, as with increasing age, the rate of
inactivity rises.45,46,47,48

D. Changes in the Immune Function: Chronic
Low-Grade Inflammation and its
Consequences

Aging has profound effects on the immune system,
which are summarized under the term immunosenes-
cence or senescent immune remodeling. While immuno-
senescence affects all immune cell populations, the most
serious effects are observed in T lymphocytes. The age-
related changes are characterized by the involution, i.e.,
the shrinking of the thymus that begins early in the
newborn progressing at a rate of about 3%/year until
middle age and at about 1%/year henceforth, and lead
to a loss of thymopoietic epithelial tissue and an increase
in adipocytes.49 As a result, the output of naı̈ve T cells is
reduced and is compensated by an increase in memory
T cells. Age-specific functional changes in T cells include
impaired T-cell receptor (TCR)emediated proliferation
and IL-2 production50 and the loss of the costimulatory
CD28 antigen.51 These age-related changes are more
pronounced in cytotoxic CD8þ T cells.52 The decrease in
naı̈ve T cells is associated with a lower TCR diversity
and thus a reduced capacity to recognize and respond
to antigens. This decline of TCR diversity occurs abruptly
between the ages of 65 and 75 years.53 Immunosenes-
cence is also characterized by impaired cell proliferation
due to telomere erosion and accumulated DNA damage,
metabolic dysfunction, alterations in cell signaling,
increased secretion of proinflammatory cytokines, and a
tendency toward autoreactivity, promoting inflammatory
diseases like rheumatoid arthritis, atherosclerosis, and
neuro- and other degenerative diseases.54,55,52

In addition to T cells, other immune cells are affected
by aging. Impaired B-cell development leads to a decline
in the number of B cells and a lower diversity of B-cell re-
ceptors and ultimately to diminished responses to infec-
tion andvaccination anddecreased humoral immunity.56

Age-associated changes have also been reported in the
innate immune system, including an increase in the
number of natural killer cells accompanied by a
disturbed cytotoxic activity of this cell population, and
in macrophages where reduced phagocytosis, a lower
production of inflammatory cytokines, and a lower res-
piratory burst in response to mitogens have been
noted,57,58 as well as defects in neutrophil functions.59

Generally, aging is associated with a state of chronic
low-grade inflammation. Besides age-related changes
of the immune function itself, the accumulation of

garbage structures in the form of cellular debris and
dysfunctional self-molecules over time due to disturbed
disposal has been suggested as an underlying cause. The
recognition of these disposed particles by immune cells
triggers inflammatory responses.60,61 The increase in
visceral adipose tissue as well as ectopic fat has also
been suggested as a factor contributing to chronic
inflammation as visceral fat is a source of adipokines
and certain cytokines acting as mediators of inflamma-
tion.62 Moreover, aging has also been associated with
changes in the gut microbiota leading to increased secre-
tion of proinflammatory cytokines and gut permeability
that drive the development of chronic inflammation.63

Alterations in the gut microbiota associated with nega-
tive effects show an inverse correlation with biological
age but not with chronological age.64

E. Age-Associated Diseases

Aging is also associated with a higher risk and preva-
lence of many chronic diseases, including cardiovascular
diseases, hypertension, impaired glucose tolerance and
diabetesmellitus type 2, cancer, and various degenerative
diseases such as cognitive impairment. These diseases
often occur together, contributing to multimorbidity.2

The increased inflammatory activity seen in the elderly
entails higher oxidative stress and thereby acts as one
promoter of the development and progression of these
diseases. However, lifestyle and nutritional factors also
influence these conditions. Thus hyperhomocysteinemia
related to the marginal status of the B vitamins B12, folate,
B6, and riboflavin (B2) is an important risk factor of car-
diovascular diseases65,66 and cognitive dysfunction.67

Specific dietary fatty acids have effects on the blood
lipids and modulate inflammatory responses in their
own right.68,69,70 In turn, chronic diseases also determine
the nutritional needs of those affected by them and have
to be taken into account when it comes to making food
choices. Moreover, certain drugs commonly prescribed
to older persons can have effects on the absorption and
metabolism of nutrients as well (Table 5.1).71,72 This is
particularly relevant in considering the effects of aging
on the metabolism, disposal, and excretion of drugs
due to metabolic changes and declines in kidney
function.73

III. NUTRITIONAL REQUIREMENTS
OF OLDER PERSONS

A. Basis for Key Nutrient Recommendations

While energy needs decrease with age, the recom-
mended intakes of most nutrients do not or only mini-
mally change (see Table 5.2). In the case of iron,
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TABLE 5.1 Drugs commonly prescribed to older persons that influence micronutrient status.

Drug Indication Nutrients affected Effects Mechanism(s)

Proton-pump inhibitors Gastroesophageal reflux disease Vitamin B12, Zn,

Vitamin C, Mgþþ, Caþþ

Impaired absorption Vitamin B12, Zn: Lower secretion of
hydrochloric acid and pepsin, increase in
gastric pH
Other nutrients: Unknown

Metformin Noneinsulin-dependent diabetes
mellitus

Vitamin B12 Impaired absorption Mostly likely disturbance of the Ca-mediated
binding of the IFeCbl complex
to its membrane receptor

Laxatives Constipation Electrolytes (Kþ, Mgþþ) Reduced absorption, increased
losses with the stools

Diuretic diarrhea, shortened intestinal
passage

Nonsteroidal
antiinflammatory
drugs (aspirin)

Inflammatory conditions Vitamin C, iron Lower status of vitamin C (plasma,
leukocytes, platelets) and of iron
(Hb, ferritin)

Disturbed cellular uptake of vitamin C
Mucosal damage associated with blood loss

Diuretics (thiazides,
triamterene)

Hypertension Kþ, Mgþþ, thiamin

Folate

Caþþ

Higher excretion

Lower folate status

Higher serum Caþþ levels

Inhibited renal reabsorption, stimulated
excretion of Kþ in the urine
Competitive inhibition of dihydrofolate
reductase by triamterene
Renal reabsorption of Caþþ

Angiotensin-
converting enzyme
(ACE) inhibitors

Hypertension Znþþ

Kþ

Higher excretion

Hyperkalemia

Chelation of Znþþ

Renal retention of K

Statins Hypercholesterolemia Vitamin E
b-Carotene

Possibly lower status Vitamin E, b-carotene: Possibly through
decrease in lipoproteins

Glucocorticosteroids Inflammatory diseases
(e.g., rheumatoid arthritis,
asthma)

Vitamin D, Caþþ

Naþ, Kþ

Decreased renal and intestinal
absorption

Increased Naþ retention; Kþ excretion

Suppressed transcription of calcium
transporters, counteracting vitamin D

Naþ/Kþ: Unclear mechanisms

Based on Ref. 93.
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TABLE 5.2 Recommended daily intake of selected micronutrients for younger and older adults from different countries and the WHO/FAO.

Nutrient

WHO/FAO154 IOM (US & Canada)56 EFSA (European Union)38 Australia/New Zealand11

19e65 y ‡65 y 19e30 y ‡51 y 18e59 y ‡60 y 19e30 y >70 y

M F M F M F M F M F M F M F M F

Ca (mg) 1000 1000 1300 1300 1000 1000 1000e1200 1200 950e1000a 950e1000a 950 950 1000 1000 1300 1300

Mg (mg) 260 220 224 190 400 310 420 320 350 300 350 300 400 310 420 320

Na (mg) <2000 <2000 <2000 <2000 2300 2300 2300 2300 tbd tbd tbd tbd 460e920 460e920 460e920 460e920

Fe (mg) 9.1e27.4b 19.6e58.8b 9.1e27.4b 7.5e22.6b 8 18 8 8 11 16 11 16 8 18 8 8

Zn (mg) 4.2e14.0b 3.0e9.8b 4.2e14.0b 3.0e9.8b 11 8 11 8 9.4e16.3b 7.5e12.7b 9.4e16.3b 7.5e12.7b 14 8 14 8

Se (mg) 34 26 33 25 55 55 55 55 70 70 70 70 70 60 70 60

Vitamin D (mg) 5e10 5e10 15 15 15 15 15e20c 15e20c 15 15 15 15 5 5 15 15

Vitamin E (mg) n.d. n.d. n.d. n.d. 15 15 15 15 13 11 13 11 10 7 10 7

Vitamin K (mg) 65 55 65 55 120 90 120 90 70 70 70 70 70 60 70 60

Thiamin (mg) 1.2 1.1 1.2 1.1 1.2 1.1 1.2 1.1 0.1 mg/MJd 0.1 mg/MJd 0.1 mg/MJd 0.1 mg/MJd 1.2 1.1 1.2 1.1

Riboflavin (mg) 1.3 1.1 1.3 1.1 1.3 1.1 1.3 1.1 1.6 1.6 1.6 1.6 1.3 1.1 1.6 1.3

Vitamin B6 (mg) 1.3 1.3 1.7 1.5 1.3 1.3 1.7 1.5 1.7 1.6 1.7 1.6 1.3 1.3 1.7 1.5

Vitamin B12 (mg) 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 4.0 4.0 4.0 4.0 2.4 2.4 2.4 2.4

Folate (mg) 400 400 400 400 400 400 400 400 330 330 330 330 400 400 400 400

Nutrient

NNR (Nordic)103 D-A-CH (Germanic)32 CNS (Chinese)25

18e60 y >60 y 19e25 y ‡65 y 18e49 y ‡65 y

M F M F M F M F M F M F

Ca (mg) 800/900e 800/900e 800 800 1000 1000 1000 1000 800 800 1000 1000

Mg (mg) 350 280 350 280 350 300 350 300 330 330 310/320f 310/320f

Na (mg) �2400 �2400 �2400 �2400 1500 1500 1500 1500 1500 1500 1400 1400

Fe (mg) 9 9/15g 9 9 10 15 10 10 12 20 12 12

Zn (mg) 10 7 10 7 9 7 9 7 12.5 7.5 12.5 7.5

Se (mg) 60 50 60 50 70 60 70 60 60 60 60 60

Vitamin D (mg) 10 10 10/20h 10/20h 20i 20i 20i 20i 10 10 15 15

Vitamin E (mg) 10 8 10 8 14/15j 12 12 11 14 14 14 14

Continued
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TABLE 5.2 Recommended daily intake of selected micronutrients for younger and older adults from different countries and the WHO/FAO.dcont’d

Nutrient

NNR (Nordic)103 D-A-CH (Germanic)32 CNS (Chinese)25

18e60 y >60 y 19e25 y ‡65 y 18e49 y ‡65 y

M F M F M F M F M F M F

Vitamin K (mg) n.d. n.d. n.d. n.d. 70 60 80 65 80 80 80 80

Thiamin (mg) 1.3/1.4k 1.1 1.2 1.0 1.2/1.3j 1.0 1.1 1.0 1.4 1.2 1.4 1.2

Riboflavin (mg) 1.5/1.6k 1.2e1.3k 1.3/1.4l 1.2 1.4 1.1 1.3 1.0 1.4 1.2 1.4 1.2

Vitamin B6 (mg) 1.5 1.2 1.5 1.3 1.5 1.2 1.4 1.2 1.4 1.4 1.4 1.4

Vitamin B12 (mg) 2.0 2.0 2.0 2.0 4.0 4.0 4.0 4.0 2.4 2.4 2.4 2.4

Folate (mg) 300 300/400k 300 300 300 300 300 300 400 400 400 400

n.d, not defined; tbd, to be defined.
a1000 mg for < 25 y.
bDepending on bioavailability from the diet (phytate content).
c20 mg for �71 y.
dMJ ¼Megajoules; equivalent 0.4 mg/1000 kcal.
e900 for 18e20 y.
f310 mg for �80 y.
g15 mg premenopausal.
h20 mg for �75 y.
iIn the absence of endogenous synthesis.
jHigher values for <25 y.
kHigher values for �30 y.
lHigher values for <75 y.
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women after menopause have lower needs that are the
same as in men. However, adequate iron supply is
important to prevent the development of anemia that
is a common problem in aged adults, especially with
low-grade inflammation, and is associatedwith increased
disability and frailty, higher risk of falls, cardiovascular
diseases, and cognitive decline, as well as a higher
mortality.81,82

Moreover, for some nutrients, a higher intake is rec-
ommended to compensate for impaired absorption or
because these nutrients have been specifically associated
with the maintenance of physiological function. The
latter is the case for protein. Metaanalyses of nitrogen
balance studies do not suggest significant differences
in the protein requirements of older and younger adults
so that the Estimated Average Requirement of 0.66 g
high-quality protein per kg body weight and accord-
ingly the recommended intake of 0.83 g protein per kg
body weight are valid for adults of all ages.83,84,85 How-
ever, a number of studies found that a higher protein
intake (�1.2 g/kg body weight) was associated with a
better maintenance of LBM and body functions related
to mobility and strength as well as a lower risk of
frailty.86,87,88,89 Moreover, it was shown that the synthe-
sis of muscle protein declines with aging.

Protein

There is evidence that a higher protein intake is
required to stimulate the maximal anabolic response.90

In 2013, the PROT-AGE Study Group, made up of the
European Union Geriatric Medicine Society, the Interna-
tional Association of Gerontology and Geriatrics-
European Region, the International Association of
Nutrition and Aging, and the Australian and New Zea-
land Society for Geriatric Medicine, recommended a
daily protein intake of 1.0e1.2 g/kg body weight for
older adults to maintain physical function, suggesting
an even higher intake level of 1.2e1.5 g/kg for older per-
sons suffering from acute or chronic diseases and up to

2.0 g/kg for malnourished or severely ill individuals.91

These recommendations were endorsed by the European
Society for Clinical Nutrition andMetabolism (ESPEN).92

The evidence on higher protein requirements of older
adults are also reflected in the recommendations for pro-
tein intake of some countries that set higher values for
older adults ranging from 1.0 to 1.3 g/kg normal body
weight (see Table 5.3).

Micronutrients

Although the basic requirements of most micronu-
trients may not differ between older and younger adults,
higher intake levels have been recommended in light of
a relatively lower intestinal absorption. For instance, the
increased use with age of certain drugs is associated
with disturbed absorption and also with altered meta-
bolism of some nutrients and can thus cause deficiencies
of these nutrients71,72 (see Table 5.1).

Malabsorption has a particular impact on the status of
vitamin B12 in older adults as this vitamin must be
released from its tight binding to proteins in foods by
the action of hydrochloric acid and pepsin in the stom-
ach. Atrophic gastritis is a common condition in older
persons leading to a reduced secretion of hydrochloric
acid and pepsin and thereby a lower bioavailability of
dietary vitamin B12. The resulting cobalamin malabsorp-
tion is further aggravated by the use of proton pump
inhibitors to reduce gastric acid secretion that is also
higher in the older population due to the age-associated
occurrence of gastroesophageal reflux disease.93 A less
common cause of cobalamin malabsorption is the lack
of intrinsic factor (IF) that acts as a carrier for cobalamin
in the small intestine and enables its receptor-mediated
uptake in the distal ileum. IF can become the target of an
autoimmune reaction leading to pernicious anemia that
occurs more often in older persons.94 Malabsorption of
vitamin B12 has also been observed with the application
of the drug metformin that is widely used in the treat-
ment of diabetes mellitus type 2, most likely by

TABLE 5.3 Recommended daily intake of protein for younger and older adults from different countries and the WHO/FAO.

Age group (men/women as applicable) Difference between age groups

WHO/FAO154 �18 y: 0.83 g/kg BW e

IOM (US & Canada)56 �19 y: 0.8 g/kg BW e

EFSA (European Commission)38 �18 y: 0.83 g/kg BW e

COMA (United Kingdom)27 �18 y: 0.75 g/kg BW e

AUS/NZ11 19e70 y: 0.84/0.75 g/kg BW >70 y men: 1.07/0.94 g/kg BW þ27/þ25%

D-A-CH (Germanic)121 19e64 y: 0.8 g/kg BW �65 y: 1.0 g/kg BW þ25%

NNR (Nordic)103 18e64 y: 0.8e1.5 g/kg BW
(10e20% of energy)

�65 y: 1.1e1.3 g/kg BW
(15%e20% of energy)

Up to þ60%

AFSSA (France)1 19e60 y: 0.83 g/kg BW >60 y: 1.0 g/kg BW þ20%

BW, Body weight.
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interfering with the calcium-mediated binding of the
IFevitamin B12 complex to its receptor.98

Along with folate and vitamin B6, vitamin B12 also de-
serves special attention in relation to its role in cognitive
performance and neuronal functions. This is due to the
involvement of these vitamins in one-carbon meta-
bolism that supplies methyl groups for methylation re-
actions. Vitamin B12 and folate act together in the
conversion of homocysteine (HCys) to methionine. In
the brain and nerve tissue, S-adenosylmethionine serves
as the methyl group donor in the synthesis of neuro-
transmitters, phospholipids, and myelin. A deficiency
of folate or vitamin B12 has been associated with cogni-
tive decline,67 brain lesions,67 and a higher risk for cere-
bral infarcts67 and Alzheimer’s disease.67 This seems in
part related to increased concentrations of HCys which
has shown vasotoxic and neurotoxic effects in animal
studies, although the exact mechanisms are unclear
and probably multifaceted. In this context, the balance
between folate and vitamin B12 is of great importance
as folate can exacerbate the neurological symptoms of
vitamin B12 deficiency and also mask this latter by cor-
recting the megaloblastic anemia that is caused by
both, folate and vitamin B12 deficiency.

99 In light of the
high risk of vitamin B12 deficiency in older adults, forti-
fication of staple foods like wheat flour with folic acid as
it is practiced in several countries worldwide may pre-
sent a problem in this group if vitamin B12 is not also
supplied sufficiently.67,99

Considering the lower energy requirements in elderly,
the requirements for micronutrients involved in the
metabolism of energy and macronutrients, such as the
B vitamins thiamin, riboflavin, niacin, and pyridoxal,
would also be reduced in this age group. This approach
was chosen by the Nutrition Societies of the German-
speaking countries (D-A-CH) in their 2016 revisions of
reference values for thiamin, riboflavin, niacin, and
vitamin B6 in which the recommended intakes
decreased with age, especially inmen.100 However, there
is evidence, albeit from a small number of studies, for a
slightly higher requirement of vitamin B6 in elderly to
maintain an adequate status.101,65,102,103 Lower status
of vitamin B6 has been repeatedly observed in older in-
dividuals, even when recommended dietary reference
intakes weremet. In addition, adequate riboflavin intake
is required to generate the bioactive form of vitamin B6,
pyridoxal 50-phosphate, by the FMN-dependent
pyridoxine 50-phosphate oxidase.103A higher catabolism
or an effect of certain drugs has been suggested as fac-
tors contributing to lower vitamin B6 status in older
adults.103,104,105 Accordingly, the Institute of Medicine
(IOM) in 1998 and the WHO/FAO in 2004 set higher rec-
ommended intakes for adults aged �51 and �65 years,
respectively, compared to younger adults (1.7 mg/
d vs. 1.3 mg/d for men and 1.5 mg/d vs. 1.3 mg/d for
women),106,74 while the European Food Safety Agency

recommends the higher intake levels for all adults
�18 years.107 The recommended intake for vitamin B6

set by the French Food Safety Agency (ANSES) in 2001
for persons �75 years of both sexes was even higher at
2.2 mg/d.108

Nutrients in bone health: Calcium, vitamin D, vitamin K

Considering the loss of bone mass and the increased
risk of osteoporosis in elderly, a higher intake of calcium
and vitamin D is widely recommended. Aging is associ-
ated with a lower endogenous synthesis of vitamin D3 in
the skin and the kidneys. The production of pre-vitamin
D3 from its precursor 7-dehydrocholesterol in the
epidermis and dermis showed a steady decline with
age, and in persons aged over 70 years, it was only
40% of that in 8 year old children.109 The epidermal con-
centration of 7-dehydrocholesterol also decreases with
age,109 and in rats, the hydroxylation of 25(OH)-vitamin
D3 to its active form 1,25(OH)2-vitamin D3 in the kidneys
also showed a decline with age due to a lower activity of
the catalyzing enzyme 1a-hydroxylase and a lower
number of mitochondria. In turn, the production of the
catabolite 24,25(OH)2-vitamin D3 increases with
age.110,111 In accordance with the lower circulating con-
centrations of vitamin D3, aging also causes a reduction
in the intestinal absorption of calcium112 and reduced
adaptation to low calcium intakes,113 and this decline
is further promoted by the development of a resistance
to vitamin D3 in the intestine that is associated with a
lower absorption of calcium.114,115 Overall, older, post-
menopausal women are more at risk of becoming vitamin
Dedeficient than their male counterparts, and they also
have a higher risk of osteoporosis. Especially with the
decrease of vitamin Demediated transcellular calcium
absorption, passive paracellular absorption may be pro-
moted by higher dietary calcium intake.116

Another nutrient playing an important role for
bone health is vitamin K, a cofactor of the enzyme
g-glutamyl-carboxylase that catalyzes the g-carboxyla-
tion of glutamic acid in osteocalcin, a protein required
for bone mineralization. This step activates osteocal-
cin. Vitamin K status has been positively associated
with higher bone mineral density and better function
of the lower extremities in elderly117,118 while defi-
ciency was highly prevalent in older adults with hip
fractures.119 It has also shown independent antiinflam-
matory effects.117 As vitamin K is in part supplied by
the gut microbiota in form of menaquinones (vitamin
K2), prolonged use of antibiotics can lead to defi-
ciency.120 Intestinal malabsorption is also a contributing
factor. This has prompted the recommendation of
slightly higher daily intake levels for older adults
(>50 years) by the nutrition societies of the German-
speaking countries79 (see Table 5.2) even though the ben-
efits of vitamin K supplementation in aged persons are
still equivocal.117
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B. Dietary Guidance

Reduced energy requirements call for a higher nutrient
density

To comply with the lower energy requirements and
the unchanged or even higher requirements of different
nutrients, the diet for older persons must include
nutrient-dense foods. Vegetables and fruits, pulses, and
wholegrain cereals are the optimal choices all the more,
as they are also good sources of dietary fiber to prevent
constipation or its more intractable form, obstipation,
to maintain a healthy gut microflora and to provide sec-
ondary plant compounds with antioxidant and other
bioactive effects. These foods are also major sources of
various vitamins of the B group including folate and of
vitamin C and carotenoids. Nuts, seeds, and plant oil
of good quality supply vitamin E and essential PUFAs.
However, moderate amounts of animal foods in the
form of low fat milk products, eggs, fish, and lean meat
should be consumed to ensure the adequate supply of
high-quality protein and the critical micronutrients
iron, zinc, calcium, and vitamin B12 that these foods
contain in a highly bioavailable form. Especially during
the winter at high geographical latitudes or when sun
exposure is low, vitamin D should be supplemented.

Beneficial effects of nutrients on immune function

A higher intake of certain nutrients can support the
therapy of some age-associated diseases. For instance,
the proinflammatory state in rheumatoid arthritis causes
oxidative stress through the generation of reactive oxy-
gen and nitrogen species, and antioxidant micronutrients
such as the vitamins C and E, carotenoids, and nonnutri-
tive polyphenolic compounds have been successfully
employed as a complement to drug therapy to alleviate
symptoms and prevent oxidative stress.121,122 Antioxi-
dants have also been shown to restore macrophage func-
tion against pathogenic challenge.57 Lower oxidative
stress also reduces the risk of age-associated noncom-
municable diseases such as cardiovascular diseases, dia-
betes mellitus, and cancer.

Moreover, increased oxidative stress is encountered
in patients with impaired cognitive performance and de-
mentia, justifying a higher intake or supplementation of
antioxidative nutrients such as vitamin C and E to main-
tain cognitive function and prevent cognitive decline.123

Nutrients can also boost immune functions and thus
counteract the effects of immunosenescence. This has
been shown for vitamin E, which enhances the prolifer-
ation and response of T lymphocytes to mitogen stimu-
lation when supplemented in doses above the
recommended daily intake levels.124 Vitamin E inhibits
the production of the T cellesuppressive eicosanoid
PGE2, the production of which is upregulated with ag-
ing. Vitamin E also has other direct effects on T cells by

increasing the secretion of the stimulatory IL-2 and by
modulating signal transduction.124,125,126

Other food components with particular relevance for
immune function in older age are n-3 PUFAs that act as
precursors for mediators of inflammatory and other im-
mune responses such as the eicosanoids in the case of
eicosapentaenoic acid (EPA) and resolvins in the case
of docosahexaenoic acid (DHA). n-3 PUFAs have a less
proinflammatory profile than their n-6 counterparts.
EPA and DHA found in fatty fish, particularly of marine
and to a lesser extent of freshwater origin, and microor-
ganisms, especially algae, are the actual active precursors
and fish oil is the best source for these PUFAs, while
there is some controversy about the extent of conversion
of the plant-derived a-linolenic acid to EPA and DHA.127

A number of studies support antiinflammatory effects of
n-3 PUFAs in rheumatoid arthritis with most evidence
available for EPA and DHA.128 In the context of inflam-
mation, fatty acids also differentially modulate proin-
flammatory signaling pathways via their interaction
with Toll-like receptors. Saturated fatty acids, for
example, palmitic acid, activate this pathway and induce
the secretion of IL-1b, whereas DHA inhibits it.70

Beneficial effects of nutrients on muscle and bone

More recently, n-3 PUFAs, especially EPA and DHA,
have also been studied with regard to their beneficial ef-
fects on the musculoskeletal system. Evidence for the
anabolic properties of n-3 PUFAs comes from a number
of studies in animals, humans, and in vitro showing a stim-
ulationofmuscleprotein synthesis, bettermuscle function,
and greater strength. These effects have been attributed to
the antiinflammatoryproperties of n-3 PUFAs andalso to a
direct activation of the mTOR (mammalian target of rapa-
mycin) signalingpathway.129,130 A higher intake of PUFAs
in general, of the n-3 and the n-6 families, has also been
associated with positive effects on bone mineral density
and a lower fracture risk.131 However, even stronger ef-
fects were seen for fish intake that also supplies other
nutrients with relevance to bone health, such as vitamin
D and protein.131

Beneficial effects of nutrients on cardiovascular risk
factors

Another important role for PUFAs in the diet of older
adults arises from their effect on blood lipids and lipo-
proteins. n-3 PUFAs have repeatedly shown positive ef-
fects of reducing LDL cholesterol and triglyceride levels
in the plasma and increasing HDL cholesterol and are
associated with reduced cardiovascular risk.132,68

Beneficial effects of fiber

Considering the high prevalence of constipation in
older adults, the diet should contain sufficient dietary fi-
ber. Dietary interventions in geriatric care institutions
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have shown that dietary fiber can be easily introduced
into the daily diet and that it improves bowel function
and reduces the use of laxatives of older test popu-
lations.133,134 Higher dietary fiber intake in the form of
oat bran also resulted in small, nonsignificant improve-
ments in the status of folate, vitamin B6, and cobalamin
and a reduction of HCys, probably through its beneficial
effects on the gut microbiota.135

C. Factors Contributing to Malnutrition in
Older Adults

While the decreasing REE may initially promote
weight gain in middle-aged and older adults, with
increasing age, the incidence of malnutrition in the sense
of undernutrition rises due to an overall decline in food
consumption leading to an inadequate intake of energy
and essential nutrients. This malnutrition is an impor-
tant risk factor for frailty, morbidity, and mortality in
elderly and is particularly prevalent among persons
living in institutions: it may affect over 50% of those
in geriatric care institutions or hospitals.136 However,
community-living elderly are also at significant risk as
shown by a study from 12 mostly high-income countries
reporting that 52.6% of men aged �65 years were at risk
of malnutrition and 9.5% were malnourished.137

Lowered food intake

A number of factors contribute to the lower food
intake in elderly, including the frequently observed loss
of appetite, termed anorexia of aging. Age-associated
changes of gastrointestinal function include a reduction
of esophageal and gastric motility that can lead to slower
gastric emptying and greater and longer postprandial
fullness and satiation.138,139 Alterations in the secretion
of satiety hormones and mediators in older persons
have also been reported, particularly a higher secretion
of the anorexigenic cholecystokinin, while the release
and the sensitivity to orexigenic hormones and neuro-
peptides such as ghrelin and NPY appear to be reduced
in older animals and humans.140,141 Inflammatory pro-
cesses that are often enhanced in older persons also

reduce appetite through the action of proinflammatory
cytokines.142

Other factors leading to anorexia

Food intake is also impaired by dysphagia, i.e., a diffi-
culty swallowing that is common in elderly,mostly driven
bycomorbidities and theuseof certaindrugs.143,139 Dental
problems, for example, loss of teeth and dental function,
are another risk factor for malnutrition and have a strong
effect on food choice. Better dental quality was related to
higher diet quality and better nutrient supply.144,145

Moreover, aging is associated with impaired taste sensa-
tion. Older adults have higher thresholds for the recogni-
tion of four basic tastes (sweet, salty, sour, and bitter) than
their younger counterparts and an impaired ability to
discriminate between tastes.146,147

Food intake can also be influenced by certain drugs
that are frequently taken by older persons such as met-
formin, antihypertensives, antidepressants, and statins
through their effects on appetite, orosensory perception,
or gastrointestinal function.71,72

Besides age-related physiological changes, insufficient
food intake in older persons is also promoted by psycho-
logical and sociodemographic factors (see Table 5.4).
Age-related disability and impaired mobility and also
low socioeconomic status make access to adequate food
difficult. Depression is a common condition in older per-
sons, especially after the loss of a partner or in the pres-
ence of health problems and chronic disease, and is
associated with inadequate food consumption.148

Malnutrition is a determinant of frailty, morbidity, and
mortality inolderpersons.Theprotective effect of ahigher
bodyweight is thought tobe theunderlyingcauseof the so
called “obesity paradox,” i.e., the observation that older
persons with a BMI in the overweight or obese range
have a lower risk for many chronic diseases such as those
of the cardiovascular system and a lower mortality.149

However, the causality behind this phenomenon is un-
clear, and it is probable that serious health conditions
lead to a lower body weight. Moreover, body composi-
tion has to be taken into account, and a high level of
visceral fat has shown the same negative effects in older

TABLE 5.4 Causes of malnutrition in older persons.

Primary causes Secondary causes

Panmalnutrition/low food security
Unfavorable eating habits
Lack of appetite (anorexia of aging)
Dental problems
Higher nutrient requirements
Malabsorption
Alcoholism
Drug (ab)use
Chronic diseases

Lack of knowledge about healthy nutrition
Isolation
Loneliness
Depression
Physical disability
Mental disorders
Disturbed memory
Poverty
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as in younger adults.149 Nevertheless, based on findings
that a BMI above the range recommended by the World
Health Organization (i.e., 18.5e24.9 kg/m2)150 is associ-
ated with lower mortality in older adults, a higher BMI
range might be advisable for this population group.151

Overall, the adoption of a healthy diet pattern like the
Mediterranean diet, the Healthy Nordic, or any other
with the focus on plant foods and rich in vegetables,
fruits, pulses, wholegrain cereals complemented with
moderate amounts of animal products, especially dairy
products and fish, and fat of good quality, is also the
best option for older adults.

D. Other Guidance

In addition to adequate nutrition, regular physical
activity that is adapted to an individual’s physical ca-
pacities is an important contributor to health and well-
being in older adults. Maintaining an adequate level of

physical activity increases the total energy expenditure
and the amount of food consumed, thereby facilitating
a sufficient intake of essential nutrients. Physical activity
was associated with better energy balance in older
adults.152 Most importantly, adequate physical activity
can slow the loss of muscle mass, particularly when
combined to higher protein intake.92 It counteracts the
reduction in bone mineral density, the development of
frailty, and osteoporosis153,154,155,156 and has also shown
positive effects on cognitive function and can contribute
to the prevention of dementia.157 Additionally, regular
outdoor physical activity offers an opportunity for sun-
light exposure to improve vitamin D status. Despite
lower endogenous synthesis, daily sunlight exposure
was an important contributor to 25(OH)-vitamin D3

serum levels in older adults.158 Thus regular physical ac-
tivity is essential for maintaining physical and mental
function and independence in older adults and should
be promoted in this population group.2

RESEARCH GAPS

• Most values for recommended nutrient intakes in elderly are derived from younger adults. There is a need for
studies on the specific nutritional needs of the elderly population.

• Data are also needed for very old populations.
• It is important to study differences within the aged population group based on fitness and activity level.
• Effects of interventions with specific nutrients in older adults should be determined.
• Additional insights are needed regarding the impact of diseases and of drug use on nutritional status in

elderly.
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SUMMARY

Athletes and active individuals have energy and nutrient needs that differ from their sedentary coun-
terparts. These needs will depend on exercise training intensity, duration, frequency, and mode and
environmental conditions. Energy intake should be adequate to support exercise performance, prevent
injury, and maintain health but will change over time depending on the exercise-training schedule and
weight goals. Carbohydrate and protein needs are typically higher in active individuals, especially in
competitive athletes. Carbohydrate is required for fuel and glycogen replacement, while protein is needed
for growth, repair, and muscle adaptations, and selected foods must supply the additional requirements
for micronutrients. Exercise/sport events are physiological challenging and require individualized food
and fluid recommendations before, during, and after exercise, to reduce/delay fatigue and allow for
optimal performance. Postexercise recovery nutrition should restore fuel and fluids homeostasis. Exercise
training/competitions also create practical challenges, including accessibility of suitable foods and fluids
at the right time around exercise and making good choices regarding supplements and sport foods.

Keywords: Athlete; Carbohydrate; Energy intake; Exercise; Protein; Recovery nutrition; Sport foods;
Supplements.

I. OVERVIEW

Despite the range of physiological challenges and
practical considerations that arise between and within
sports and types of physical activity in which people
are engaged, there are some common themes shared
by all athletes and fitness enthusiasts. During training,
the athlete needs to eat to achieve an ideal physique
for their event, to stay healthy and injury free, and to
be able to train hard and recover optimally from each
session. Each competitive event involves a physiological
challenge; in many cases, nutritional strategies under-
taken before and during the event, or in the recovery be-
tween games or heats and the final, can help to reduce or
delay fatigue and allow the athlete to perform optimally.
The practical needs of sports also create special

challenges: these include finding opportunities to eat
well while traveling, having access to suitable foods
and fluids at the strategic times around workouts or
competition, and making good decisions regarding sup-
plements and sports foods.

The nutrition recommendations, strategies, and ap-
proaches used by the fitness enthusiast or recreational
athlete may need to be modified from those suited to
the elite athlete, according to the individual’s goals
and overall training load. For example, individuals who
embark on a campaign to complete a marathon or Iron-
man race will benefit from similar nutrition strategies to
those recommended to the high performance athlete to
support a commitment to daily training and a fuel-
demanding race. However, these are unnecessary for
an individual who is beginning a fitness program for
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weight or chronic disease management, where the daily
energy expenditure involved in exercise is modest. It is
important that each individual understands the energy
and nutrient costs of exercise and the likely value of
implementing special nutrition strategies.

II. INTRODUCTION

The demands of sport vary greatly according to the
type of event, the phase of training or competition,
and the individual characteristics of each athlete or
fitness enthusiast. However, there are some common
threads to the nutritional goals of sport. The aim of
this chapter is to provide a summary of these key goals
of sports nutrition and to provide recommendations and
strategies that will help athletes of all levelsdelite to
recreationaldachieve some of these goals. It will also
identify emerging or controversial ideas in sports nutri-
tion from which new recommendations in sports nutri-
tion will evolve. Given the breadth of topics covered, it
is impossible to provide the depth of information that
would allow adequate coverage of any single area. To
counter this problem, recent papers are cited giving a
more sophisticated review of the current knowledge on
a specific area, with particular reference to applications
in sport. This is not meant to show disrespect to the pi-
oneers of sports nutrition and the original or seminal pa-
pers, rather the aim is to provide a connection to
literature from which both the historical and current
perspectives can be gained.

III. FUELING FOR SPORT AND
PHYSICAL ACTIVITY

A. Matching Energy Intake Changes in Energy
Demands

Energy intake provides an important focus for an active
individual’s training diet since it must provide the carbo-
hydrate cost of training and recovery, protein needs for
growth, repair, and adaptation, and sufficient foods to
supply any additional requirements for micronutrients
and phytonutrients that arise from the commitment to
daily exercise. It also plays a direct role in physique
changes and can influence health and injury risks.

Energy requirements vary among sports, among ath-
letes in the same sport, and across various times in an
individual athlete’s periodized training program. A perio-
dized training program refers to how an active individ-
ual’s training schedule might change over the year
based on their exercise goals or the exercise events for
which they are training. Extremes in energy intake and en-
ergy demand vary greatly. The low end of the energy

spectrum includes athletes in sports or activities focused
on brief moments of skill/technique rather than pro-
longed movement (e.g., archery or shooting), those who
need to achieve or maintain a low body mass/fat level
(e.g., athletes in weight-division sports or physique-
conscious sports), and those which combine these two
characteristics (e.g., gymnastics, dance, diving). At the
high end of the energy range are athletes or active individ-
uals in sports or events involving prolonged sessions of
high-intensity exercise (e.g., cyclists undertaking a stage
race, runners doing interval training), those supporting
growth, large muscle mass, or intentional muscle-gain
programs (e.g., adolescent basketball players, American
football players), and combinations of these (e.g., heavy-
weight rowers or wrestlers).

High energy needs often require both elite and recre-
ational athletes to consume energy in greater amounts
than would be provided in culturally determined eating
patterns, or dictated by their appetite and hunger. They
may also need to consume energy during and after exer-
cise when the availability of foods and fluids, or oppor-
tunities to consume them, is limited. Practical issues
interfering with the achievement of energy intake goals
during postexercise recovery include loss of appetite
and fatigue, poor access to suitable foods, and distrac-
tion by other activities. Specialized advice from a sports
dietitian is useful in the development of a plan to
address the energy intake challenges faced by any active
individual. Valuable strategies include a pattern of
frequent eating occasions, good organization in order
to ensure access to suitable foods and drinks in a busy
day, and a focus on choices that are low in bulk and
high in energy density including high-energy fluids
and specialized sports foods.1 Alternatively, the athlete
or fitness enthusiast with reduced energy needs face
their own practical challenges to meet their nutritional
goals and appetite with a smaller energy budget. Gen-
eral principles that may assist in this scenario include
behavior modification to reduce unnecessary eating,
focus on choices that are high in bulk or satiety, and
choosing nutrient-rich foods that can meet nutritional
goals with a lower energy cost.1

Recent updates to sports nutrition guidelines include
the recognition that an active individual’s energy re-
quirements change from day-to-day and across various
parts of the sporting calendar, particularly with changes
in the energy demands of a training (or competition)
program or strategies to alter physique. There are
several advantages in trying to track energy intake
with energy needs. For example, a consistently high-
energy intake is needed during periods of extremely
high-energy demands since it may be beyond the
absorptive capacity of the gut to play “catchup” once a
significant energy deficit has accumulated.2 Further-
more, a new concept of energy availability has been
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developed to assess the suitability of an athlete’s energy
intake.

Energy availability is defined operationally as the en-
ergy cost of the athlete or active individual’s exercise
program subtracted from their total energy intake,
which then provides an approximation of the amount
of energy remaining to support other functions of the
body required for good health.3 Energy availability
may be low when an athlete restricts their energy intake
to achieve or maintain a light or lean physique or when
they fail to increase their energy intake sufficiently to
meet a strenuous exercise load. When energy availabil-
ity drops below about 30 kcal (125 kJ)/kg fat-free mass
for as little as 5 days, there is metabolic suppression
and impairment of homeostasis and function, including
impaired hormone and bone function.4 The actual level
of energy availability below which an athlete experi-
ences metabolic abnormalities may vary for each athlete.
Cialdella-Kam et al.5 reported the mean energy avail-
ability of their amenorrheic female athletes was 36.7
� 10.2 kcal, and athletes had to increase energy take to
45.4 � 14.7 kcal before menses and ovulation returned.
This is the basis of the syndromes known as Female
Athlete Triad and Relative Energy Deficiency in Sport
(RED-S) that are discussed in Commentary 3 in Section
VII below.

Therefore, it makes sense for the elite or highly active
recreational athlete to adjust their daily energy intake in
reasonable harmony with fluctuations in training load.
A strategy that can assist with this goal is to consume
food and drinks before, during, and after each exercise
session. As will be discussed under Section IV, this
will help to support performance and recovery around
the workout or event. However, it is also a practical
way to allow energy intake to increase when training
sessions are increased in duration or frequency and to
remove unnecessary intake when the training load is
reduced, especially during injuries or the off-season.

B. Management of Body Weight and
Composition for Optimal Performance

Physical characteristics such as height, body weight
(BW), lean body weight (LBW), and body fat play a
role in the performance of many sports.6 For example,
a large BW and LBW are linked with strength, power,
and momentum and are important in football, throwing
and lifting events, rowing, and track cycling. By
contrast, low BWand body fat levels offer biomechanical
and “power-to-weight” advantages to allow athletes to
move their bodies over distances, against gravity, or in
a small space (e.g., distance running, uphill cycling, div-
ing, and gymnastics). Esthetic considerations are impor-
tant for the subjectively biased outcomes of sports such

as gymnastics, figure skating, diving, and bodybuilding;
however, many individuals are also motivated by a per-
sonal desire to look good in a skimpy or figure-hugging
sporting uniform. In combative events (e.g., boxing,
wrestling, judo), weight-lifting, and light-weight rowing,
athletes compete in weight divisions that attempt to
match competitors based on size, strength, and reach.
Eligibility for competition is decided at a weigh-in un-
dertaken just before the event, according to specific rules
of the sport.7,8

Elite competitors typically reach the optimal physique
for their event via the genetic predispositions that have
helped to determine their sporting interests and the con-
ditioning effects of nutrition and training. While some
appear to achieve this physique easily, others need to
manipulate their training and dietary programs to
achieve their desired size and shape. Unfortunately,
some athletes, regardless of competitive level, embark
on extreme weight-loss schemes, often involving exces-
sive training, chronic low energy availability, subopti-
mal nutrient intake, and psychological distress.9,10

Problems arising from these activities include fatigue,
micronutrient deficiencies (especially iron and calcium),
reduced immune status, altered hormonal balance,
disordered eating, and poor body image. “Making
weight” is another common activity undertaken
in weight-division sports, whereby athletes, many of
whom are already lean, shed kilograms in the hours or
days prior to the weigh-in to qualify for a division ligh-
ter than their normal BW.9,10 Although this strategy is
used to gain advantage in strength or reach over a
smaller opponent, it brings disadvantages in terms of
dehydration or suboptimal nutritional status resulting
from rapid weight-loss techniques. Medical committees
and governing organizations have issued guidelines
warning against extreme “making weight” activities.11

Targets for “ideal” BW and body fat should be set in
terms of ranges, with each individual setting targets
that are compatible with long-term health and perfor-
mance, rather than short-term benefits alone. Where
loss of body fat is warranted, it should be achieved by
a gradual program of sustained and moderate energy
deficit. Furthermore, there is good evidence that a
higher protein intake (e.g., 1.6e2.4 g/kg/d) may sup-
port body composition manipulation by maintaining
or even increasing lean body mass during periods of en-
ergy deficit/BW loss.12,13 Each individual, regardless of
activity level, should be able to achieve targets while
eating a diet adequate in energy and nutrients, and
free of unreasonable food-related stress.10 Most impor-
tantly, the characteristics of elite athletes should not be
considered natural or necessary for recreational and
subelite performers; furthermore, chronic achievement
of minimal body fat levels is neither necessary
nor healthy for any athlete. Indeed, most elite athletes
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periodize their body mass and body fat levels, achieving
their “race weight” only for times they are at their
competition peak. This concept of deliberate manipula-
tion of energy intake and body fat at different phases
of the yearly training plan is well-illustrated in a recent
case history of an international-level female middle-
distance runner.14 Special nutrition support should be
given to athletes in weight-making sports to assist them
to choose an appropriate weight division and to
adopt the diet and exercise strategies that achieve their
weigh-in targets with minimal negative effects.7,8

Athletes or fitness enthusiasts who wish to gain mus-
cle mass are at the other end of the spectrum. These indi-
viduals often focus dietary interests on excessive protein
intake and special supplements that make extravagant
claims. However, emerging evidence suggests that the
key nutritional support for a resistance-training program
is adequate energy intake and well-timed intake of
protein over the day.15,16 Protein for recovery will be
addressed further in the later Section V.

C. Eating for Health and Injury Prevention

Staying healthy and injury free is a key ingredient in a
sporting career, or for any individual wishing to main-
tain a high level of fitness, since it supports consistent
training and ensures that the athlete can be at their
peak for important competitions. However, the intensive
exercise programs undertaken by many athletes strad-
dle the fine line between providing the maximum stim-
ulus for performance improvements and increasing the
risk of illness and injury. Although we do not have suf-
ficient evidence to set recommendations for nutritional
practices that will guarantee good health and minimum
downtime due to injury, some nutritional risk factors for
the opposite outcome can be identified.

There is a general belief that athletes or fitness enthu-
siasts are at increased risk of succumbing to infectious
illnesses, particularly upper respiratory tract infections,
during periods of high-volume training, or after stren-
uous competitive events.17 However, there is evidence
of suppression of markers of acquired immune function
during the acute response to a bout of exercise, and it is
intuitive that an exacerbation of the duration or severity
of such effects could lead to chronic immunosuppression
and compromised resistance to common infections.17

Nutritional factors that may exacerbate this risk
include inadequate fueling (low carbohydrate availabil-
ity) around exercise sessions and poor energy availabil-
ity. Athletes or any active individual are advised to
follow nutritional practices that avoid such deficiencies.
Meanwhile, nutritional supplements have been pro-
moted to offer protection with mixed support; there is
limited evidence of benefits from supplementation

with vitamin C, and from herbal products such as echi-
nacea and glutamine, mixed support for colostrum and
probiotics, and some apparent potential associated with
polyphenolic compounds such as quercetin.18

Injuries generally occur via two mechanisms: acute
problems occurring following a collision or contact
impact or chronic problems that arise from inadequate
resilience to continual high levels of exercise or over
training. Nutritional factors may be indirectly involved
with some aspects of acute injury if inadequate nutrition
contributes to the fatigue that facilitates poor concentra-
tion and technique or an increased risk of accidents.19

Nutritional factors are often involved in the develop-
ment of stress fractures since low bone density is a risk
factor in the development of this chronic injury.20

Reduced bone density in athletes seems contradictory,
since exercise is an important protector of bone health.
However, many athletes suffer from either direct loss
of bone density or failure to optimize the gaining of
peak bone mass that should occur during the 10e
15 years after the onset of puberty.21 The involvement
of poor bone health in the Female Athlete Triad and
RED-S underpinned by low energy availability is dis-
cussed further in the Section VII.

In addition to an environment of adequate availabil-
ity of energy, healthy bones required adequate
bone building nutrients, and potentially, carbohydrate.
Adequate calcium intake in necessary. Calcium recom-
mendations for females with impaired menstrual
function is 1300e1500 mg/day, the same as the recom-
mendation for postmenopausal women.21 Where
adequate calcium intake cannot be met through dietary
means, usually through use of low-fat dairy foods or
calcium-enriched soy alternatives, a calcium supple-
ment may be considered. Although low bone density
was first identified in female athletes, it is also seen in
male athletes. High-risk groups include elite cyclists;
this presumably results from the low energy availability
associated with heavy energy expenditure and a desire
for low body fat levels but may be exacerbated by the
lack of bone loading during cycling activities.22

Vitamin D deficiency or insufficiency is now recog-
nized as a community health problem with conse-
quences including impairment of bone health, muscle
function, and immune status. Education campaigns
target people at high risk to seek assessment and reversal
of inadequate vitamin D status. Some athletes and active
individuals may be vulnerable to such problems.23 Indi-
viduals at greatest risk are those doing indoor training
(e.g., gymnasts, swimmers), residing at latitudes greater
than 35 degrees, training in the early morning or late
evening, thus avoiding sunlight exposure, wearing
protective clothing or sunscreen, and consuming a diet
low in vitamin D. Individuals with these characteristics
should seek professional advice and have their vitamin
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D status monitored. Although there is dispute over
optimal vitamin D status, vitamin D supplementation
may be required to prevent or treat insufficiency.23,24

IV. EATING BEFORE/DURING
EXERCISE TO REDUCE/DELAY

FATIGUE

To achieve optimal performance, an athlete or fitness
enthusiast should identify potentially preventable fac-
tors that contribute to fatigue during an exercise task
and undertake nutritional strategies before, during,
and after exercise that minimize or delay the onset of
this fatigue. This is obviously important during compe-
tition, but active individuals should also practice such
strategies during key training sessions, both to support
technique and intensity during the workout and to
fine-tune the nutritional plan for a specific event. The
nutritional challenges of competition vary according to
length and intensity of the event, the environment, and
factors that influence the recovery between events or
the opportunity to eat and drink during the event itself
(see Table 6.1).

Carbohydrate reserves for the muscle and central ner-
vous system limit the performance of prolonged
(>90 min) submaximal or intermittent high-intensity ex-
ercise and play a permissive role in the performance of
brief or sustained high-intensity work.25 Competition
eating should target strategies to consume carbohydrate
before and during such events to meet these fuel needs
(described as achieving high carbohydrate availability).
Carbohydrate should be consumed over the day(s) lead-
ing up to a competitive event commensurate with the
muscle glycogen requirements of the task (e.g., mara-
thon vs. ½marathon or 10K fun run). The trainedmuscle
is able to normalize its high resting glycogen storeswithin
24 h of rest and carbohydrate intake (see Table 6.2). If an
individual can extend the time and carbohydrate inges-
tion to 24e48 h, they can achieve a supercompensation
of muscle glycogen, commonly known as carbohydrate
loading, and improve performance of events of more
than 90 min duration.26 Carbohydrate eaten in the hours
prior to an event can also ensure adequate liver
glycogen, especially for events undertaken after an over-
night fast.27 Although general fuel targets can be pro-
vided for the preevent meal (Table 6.2), the type,
timing, and amount of carbohydrate-rich foods and
drinks should be chosen with consideration of practical
issues such as gastrointestinal comfort, individual pref-
erences, and catering arrangements in the competition
environment. Sustained-release (low glycemic index)
carbohydrate sources or foods consumed just prior to
the start of the competition will also provide an ongoing
source of glucose from the gut during exercise.28

According to the specific logistics and culture of a
sport, athletes and fitness enthusiasts can continue to
consume carbohydrate during exercise from a range of
specialized sports products (e.g., carbohydrateeelectrolyte
sports drinks, gels, bars) or everyday foods (soft drinks,
fruit, confectionery). Until recently, refueling recommen-
dations for athletes during exercise encouraged the
development of a personalized nutrition plan for events
of >60 min that combined carbohydrate intake of
30e60 g/h and adequate rehydration with the practical
opportunities for intake during the session.29 Opportu-
nities for a more systematic approach to specific carbo-
hydrate needs for different types of situations were,
however, discouraged by a number of prevailing beliefs.
These included the idea that the oxidation rate of exog-
enous carbohydrate was capped at 60 g/h, the concern
that larger intakes might cause gastrointestinal distress,
and the lack of evidence that more carbohydrate was
better for some events.30 New information has allowed
a differentiation of strategies for both nonendurance
(45e75 min) and ultraendurance (>3e4 h) events.

There is now robust evidence that intestinal absorp-
tion limits the ability to supply the working muscle
with exogenous carbohydrate. This limitation can be
overcome by consuming a mixture of carbohydrate
sources that use different intestinal transport mecha-
nisms, such as fructose and glucose.31 Such mixes allow
better gastrointestinal comfort and higher rates of oxida-
tion of ingested carbohydrate with higher rates of intake.
The evidence of a dose response between carbohydrate
intake and performance benefits in ultraendurance
exercise32,33 has led to separate recommendations for
such events (see Table 6.2). The optimal feeding rates
may be up to 80e90 g/h, using carbohydrate mixtures,
with these targets being provided in absolute amounts
rather than g/kg BW, since the absorptive capacity
of the gut appears to be independent of body size.31

Athletes of all levels are also encouraged to practice
intake during training sessions, since this may also be
associatedwith an adaptation of the gut to promote greater
exogenous fuel use34 and further enhance performance.35

Events of w60 min duration are not associated with
limitations of muscle fuel supply when adequate prepa-
ration has occurred. However, new research has shown
that intake of small amounts of carbohydrate, even in
the form of frequent rinsing of themouthwith a carbohy-
drate solution, are associated with better performance in
such protocols.36 It appears that there is communication
between receptors in the mouth/throat and centers of
reward and motor control in the central nervous sys-
tem.37 These findings have been incorporated into new
recommendations for athletes and active individuals
(Ref. 38; Table 6.2), and although the magnitude of the ef-
fect is smaller when a preevent carbohydrate-rich meal
has been consumed, a detectable benefit is still evident.39
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TABLE 6.1 Factors related to nutrition that could produce fatigue or suboptimal performance during sports competition or
intense training.40

Factor Description Examples of high-risk/common occurrence in sports

Dehydration Mismatch between sweat losses
and fluid intake during an event.
May be exacerbated if an athlete
begins the event in fluid deficit.

Events undertaken in hot conditions, particularly
involving high-intensity activity patterns and/or heavy
protective garments. Repeated competitions (e.g.,
tournaments) may increase risk of compounding
dehydration from one event to the next. Athletes in
weight-making sports may deliberately dehydrate
themselves to achieve their weigh-in target, with
insufficient time between weigh-in and the start of their
event to restore fluid levels.

Muscle glycogen
depletion

Depletion of key muscle fuel due
to high utilization in a single
event and/or poor recovery of
stores from previous activity/
event. Typically occurs in events
longer than 90 min of sustained
or intermittent high-intensity
exercise.

Occurs in endurance events such as marathon and
distance running, road cycling, and Ironman triathlons.
May occur in some team sports in “running” players
with large total distances covered at high intensities
(e.g., midfield players in soccer, Australian rules
football). Repeated competitions (e.g., tournaments)
may increase risk of poor refueling from one match to
the next.

Hypoglycemia Reduction in blood glucose
concentrations due to poor
carbohydrate availability.
However, not all athletes are
susceptible to feeling fatigue
when blood glucose
concentrations become low.
Note that even when the central
nervous system is not fuel
deprived, intake of carbohydrate
can promote a “happy brain,”
allowing the muscle to work at a
higher power output

Low blood glucose concentrations may occur in athletes
with high carbohydrate requirements (see above) who
fail to consume carbohydrate during their event.
Events lasting 45e75 min may benefit from intake of
even small amounts of carbohydrate that stimulate the
brain and central nervous system. This includes half
marathons, 40-km cycling time trial, and many team
sports.

Disturbance of muscle
acide base balance

High rates of Hþ production via
anaerobic glycolytic power
system.

Prolonged high-intensity activities lasting 1e8 min, e.g.,
rowing events, middle-distance running, 200e800 m
swimming, and track cycling team pursuit. May also
occur in events with repeated sustained periods of high-
intensity activitydperhaps in some team games or
racquet sports.

Depletion of
phosphocreatine

Inadequate recovery of
phosphocreatine system of ATP
regeneration leading to gradual
decline in power output in
subsequent efforts.

Occurs in events with repeated efforts of high-intensity
activity with short recovery intervalsdperhaps in some
team games or racquet sports.

Gastrointestinal
disturbances

These include vomiting and
diarrhea which directly reduce
performance and interfere with
nutritional strategies aimed at
managing fluid and fuel status.

Poorly chosen intake of food and fluid before and/or
during an event. Risks included consuming a large
amount of fat or fiber in preevent meal, consuming
excessive amounts of single carbohydrates during the
event, or becoming significantly dehydrated.

Water intoxication/
hyponatremia (low
blood sodium)

Excessive intake of fluids leading
to hyponatremia ranging from
mild (often asymptomatic) to
severe (can be fatal). While this
problem is more of a medical
concern than a cause of fatigue,
symptoms can include headache
and disorientation, which can be
mistaken as signs of dehydration.

Athletes with low sweat losses (e.g., low-intensity
exercise in cool weather) who overzealously consume
fluid before and during an event. This has most often
been seen duringmarathons, ultraendurance sports, and
hiking.
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TABLE 6.2 Summary of recommendations for carbohydrate intake for athletes and fitness enthusiasts.

Training situation Carbohydrate targets Comments on type and timing of carbohydrate intake

Daily needs for fuel and recovery:

1. The following targets are intended to provide high carbohydrate availability (i.e., to meet the carbohydrate needs of the muscle and central nervous system) for different exercise loads
in situations where exercise is high quality and/or at high intensity. These general recommendations should be fine-tuned with individual consideration of total energy needs, specific
training protocols, and feedback from training performance.

2. On other occasions, when exercise quality or intensity is less important, it may be less important to achieve these carbohydrate targets or to arrange carbohydrate intake over the day to
optimize availability for specific sessions. In these cases, carbohydrate intake should meet energy goals and food preferences or availability.

3. In some scenarios, when the focus is on enhancing the training stimulus or adaptive response, low carbohydrate availability may be deliberately achieved by reducing total carbohydrate
intake or by manipulating carbohydrate intake related to training sessions (e.g., training in a fasted state, undertaking a second session of exercise without adequate opportunity for
refueling after the first session).

Light • Low-intensity or skill-based
activities

3e5 g/kg body weight (BM)/d • Timing of carbohydrate intake over the day may be manipulated to
promote high carbohydrate availability for a specific training session
by consuming carbohydrate before or during the session or in
recovery from a previous session.

• As long as total fuel needs are met, the pattern of carbohydrate intake
may simply be guided by convenience and individual choice.

• Athletes should choose nutrient-rich carbohydrate sources to allow
overall nutrient needs to be met.

Moderate • Moderate exercise program
(e.g., w1 h per day)

5e7 g/kg BM/d

High • Endurance program (e.g., 1e3 h/
d moderate- to high-intensity
exercise)

6e10 g/kg BM/d

Very high • Extreme commitment e.g., >4e5
h/d moderate- to high-intensity
exercise

8e12 g/kg BM/d

Acute fueling strategies: These guidelines promote high carbohydrate availability to fuel optimal performance in competition or key training sessions.

General fueling • Preparation for events <90 min
exercise

7e12 g/kg BW per 24 h as for d
aily fuel needs

• Athletes may choose carbohydrate-rich sources
that are low in fiber/residue and easily consumed
to ensure that fuel targets are met and to meet goals
for gut comfort or lighter “racing weight.”Carbohydrate loading • Preparation for events >90 min of

sustained/intermittent exercise
36e48 h of 10e12 g/kg BW per 24 h

Speedy refueling • < 8 h recovery between two
fuel-demanding sessions

1e1.2 g/kg BW/h for first 4 h then
resume daily fuel needs

• Small regular snacks may help refueling during short periods.
• Carbohydrate-rich foods and drink may help to ensure that fuel

targets are met.

Pre-event fueling • Before exercise >60 min 1e4 g/kg consumed 1e4 h before
exercise

• Timing, amount and type of carbohydrate foods and drinks should
be chosen to suit the practical needs of the event and individual
preferences/experiences.

• Foods high in fat, protein, or fibermay need to be avoided to reduce
risk of gastrointestinal issues during the event.

• Low glycemic index food choices may provide a more sustained
source of fuel for situations where carbohydrate cannot be
consumed during exercise.

Continued
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TABLE 6.2 Summary of recommendations for carbohydrate intake for athletes and fitness enthusiasts.dcont’d

Training situation Carbohydrate targets Comments on type and timing of carbohydrate intake

During brief exercise
sessions

• < 45 min Not needed

During sustained
high-intensity exercise

• 45e75 min Small amounts including
mouth rinse

• A range of drinks and sport food products can provide easily
consumed carbohydrate.

• The frequent contact of carbohydrate with the mouth and oral
cavity can stimulate parts of the brain and central nervous system
to enhance perceptions of well-being and increase self-chosen work
outputs.

During endurance exercise,
including “stop and
start” sports

• 1e2.5 h 30e60 g/h • Carbohydrate intake provides a source of fuel for the muscles to
supplement endogenous stores.

• Opportunities to consume foods and drinks vary according to the
rules and nature of each sport.

• A range of everyday food choices and specialized sport foods and
products ranging in from liquid to solid may be useful.

• The athlete should practice to find a refueling plan that suits their
individual goals, including hydration needs and gut comfort.

During ultraendurance
exercise

• > 2.5e3 h Up to 90 g/h • As above.
• Higher intakes of carbohydrate are associated with better

performance.
• Products providing multiple transportable carbohydrates (glucose:

fructose mixtures) achieve high rates of oxidation of carbohydrate
consumed during exercise.

Reproduced with permission from Ref. 41.
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Other major nutritional strategies during exercise
involve replacement of the fluid and electrolytes lost
in sweat (see Fig. 6.1). Sweat losses vary during exer-
cise based on the duration and intensity of exercise,
environmental conditions, and the acclimatization of the
individual, but typically range between 500 and
2000 mL/h29. As fluid deficit increases, so does the
stress associated with exercise, such as the drifting in-
crease in heart rate and perception of effort.42 The point
at which this causes a noticeable or significant impair-
ment of exercise capacity and performance will depend
on the individual, their response to the environmental
conditions (effects are greater in the heat or at altitude),
and the type of exercise.43 If exercise lasts longer than
w45 min, there may be advantages associated with
consuming fluids during the session. The general recom-
mendations are that active individuals use the refueling
and beverage opportunities that are specific to their
sport to replace as much of their sweat loss as is practical
during the event,44 and particularly to keep the fluid
deficit below w2% of body mass in stressful
environments.29,45 Depending on the event, there may
be opportunities to drink during breaks in play (i.e.,
half-time, substitutions or time-outs in team games) or
during the exercise itself (from aid stations, handlers,
or self-carried supplies). Checking body mass before
and after the session, then accounting for the weight of

drinks and foods consumed during the session, will
allow the athlete to calculate sweat rates, rates of fluid
replacement, and the total sweat deficit over the ses-
sion.46 This can be useful in developing and fine-
tuning an individualized hydration plan that is specific
to an event and its conditions.43,47

Fluid mismatches during competitive events mostly
err on the side of a fluid deficit.44 However, it is possible
for some athletes to overhydrate if they drink excessively
during events, especially when sweat rates are low.48 This
situation can be dangerous if it leads to the potentially
fatal condition of hyponatremia (low blood sodium con-
centration; often known as water intoxication).49,50 The
recognition of this problem and the justifiable publicity
surrounding deaths in some recreational sporting events
has led some sports scientists to blame guidelines for
fluid intake or the marketing of sports drinks as a contrib-
uting cause.51,52 Indeed, there has been an evolution of
recommendations for fluid intake during exercise over
the past 30 years. We now know that prescriptive fluid
advice may be unsuitable, and the implication from pre-
vious guidelines that athletes should drink as much as
possible during exercise is unnecessary and potentially
harmful.29,53 As stated above, the current fluid guide-
lines warn against overdrinking but encourage an indi-
vidualized fluid plan that keeps the fluid deficit to an
acceptable level.54

Hydration strategies form a continuum, 
Finding a “sweet spot” between supply and demand

Calibre of athlete within event
Faster Slower

Environmental conditionsHot Cold

Gender
Male Female

Body size
Large Small

Pre-event hydration
Overhydrated

Fluid access/opportunities to drink during event

Reluctant Eager
Genetic predisposition to fluid intake

Dehydrated

Ability to follow Instructions/education
Over-eagerLazy

Other nutrition strategies (e.g. carbohydrate, caffeine)
Use of dilute 
forms (e.g. sports
drinks) 

Use of concentrated
forms (e.g. gels)

Manage fluid intake
Be guided by thirst

Prevent overhydration
Control opportunities to drink

Limited Many

Encourage/plan fluid intake
Keep below maximum “tolerable” fluid deficit

Create opportunities to drink

Supply < demand Supply > demand

Intensity of exerciseHigher Lower

FIGURE 6.1 Considerations for managing fluid balance during an exercise session of >1 h duration. Adapted from Ref. 55.
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It should be noted that even the above fluid recom-
mendations have been criticized as being unnecessary
and complicated and still capable of leading to hypona-
tremia.49,52 Instead, it has been argued that athletes and
fitness enthusiasts should simply drink according to
their thirst.52,54 The opinion of these authors is that thirst
or ad libitum intake of fluid provides a reasonable start-
ing point for developing a fluid plan for an active indi-
vidual; however, there are often good reasons to
improve on these subjective dictates. As illustrated in
Fig. 6.1, there are situations where usual circumstances
results in large fluid deficits and a more proactive fluid
plan would be of benefit. For example, in sports where
opportunities for fluid intake are limited (e.g., endur-
ance running, swimming, or cross-country skiing), the
athlete may need to drink at the available opportunities
early in an event (i.e., “ahead of their thirst”) to better
pace total fluid intake over the session. Conversely, other
events allow athletes to drink at greater frequencies,
allowing a better match between fluid intake to sweat
losses. Finally, some individuals have poor judgment
andmay need guidance to drinkmore appropriate (lower)
fluid volumes despite their perceived thirst. Cases of
symptomatic hyponatremia include scenarios where
excessive fluid intake has occurred when an athlete
claimed to be “drinking ad libitum” or “to thirst.”56

The need to replace sodium losses during exercise is
also debated. The inclusion of modest amounts of salt
in commercial carbohydrateeelectrolyte beverages
(sports drinks) improves the taste and voluntary intake
of a beverage. Large salt losses are documented in the
case of athletes who experience large losses of sweat
during prolonged sessions of exercise in the heat57

and/or excrete “salty sweat.”58 There is anecdotal evi-
dence that proactive replacement of salt during and be-
tween exercise sessions may prevent the development of
whole body cramps during exercise in the heat in some
individuals,59 but this hypothesis is disputed by others60

and research evidence is not strong. Similarly, the
contribution of large salt losses to the development of
hyponatremia or low plasma salt concentrations is
controversial. Modeling of salt and fluid changes during
exercise shows that sodium losses can contribute to a
worsening of plasma sodium homeostasis for any given
level of dehydration/fluid replacement.61 However,
since the primary risk factor for the development of
hyponatremia is excessive intake of fluids compared
with fluid losses, more focus is needed on this aspect
rather than sodium supplementation.

Other strategies to attenuate the physiological factors
causing fatigue during sport include the use of ergo-
genic aids such as caffeine, the buffering agents beta-
alanine and bicarbonate, beetroot juice/nitrate, and
creatine (discussed under Section VI).

V. RECOVERY NUTRITION

A. Eating for Optimal Recovery

Recovery is a major challenge for the elite athlete,
who undertakes two or even three workouts each day
during certain phases of the training cycle with 4e24 h
between each session. However, recovery can also be a
concern for the recreational athlete who trains once or
twice a day in preparation for a special endurance event
such as a marathon or triathlon. Recovery may also be
important in determining the outcome of multibout or
multiday competitions such as tournaments, stage races,
and events with heats and finals. Recovery involves a
complex range of processes of restoration of homeostasis
and adaptation to the physiological stress of exercise,
including factors related to the maintenance of health
and function covered in Section IV. Other recovery goals
include the restoration of fluid balance following the
loss of fluid and electrolytes in sweat,45,62 replacement
of fuel stores including muscle and liver glycogen and
intramuscular triglycerides,30,63 and the synthesis of
new protein for muscular development, adaptation,
and repair.16 Extensive research allows recommenda-
tions to be provided for each of these goals. Recovery
eating strategies need to individualized based on the
nutritional stress or challenges of the specific exercise
session, the recovery period until the next session, and
the “bigger picture” nutrition goals, such as physique
management. In all cases, there may be practical imped-
iments to consuming the foods and drinks needed to
achieve recovery eating goals, such as loss of appetite af-
ter intense exercise, lack of availability of suitable
choices, and distraction from other postcompetition ac-
tivities (e.g., team events, travel schedules, performance
debriefs, drug tests, equipment management, andmedia
commitments).

Recommendations for carbohydrate intake in the
everyday diets and specific recovery eating strategies
of athletes and fitness enthusiasts have evolved over
the past decade. While early sports nutrition recommen-
dations proposed a seemingly ubiquitous “high carbo-
hydrate diet” for athletes,64 later refinements discouraged
the terminology of expressing carbohydrate intake as a
percentage of total energy intake in favor of guidelines
scaled to the size of the athlete and the fuel cost of their
exercise program.63 An elite or recreational athlete’s car-
bohydrate status is best considered in terms of whether
daily carbohydrate intake or timing of intake maintains
an adequate supply of carbohydrate substrate for the
muscle and central nervous system (“high carbohydrate
availability”) or whether carbohydrate fuel sources are
depleted or limiting for the daily exercise program
(“lowcarbohydrate availability”).30While high carbohydrate

Section A. Lifestage Nutrition and Maintaining Health

6. NUTRITION FOR SPORT AND PHYSICAL ACTIVITY110



availability is important for situations where the athlete
needs to perform optimally, especially with exercise of
high intensities, in real life, there may be practical rea-
sons why active individuals undertake some training
sessions with low carbohydrate availability. Whether
there may be some advantages gained by deliberately
training in this way is a topical question (see Section VI).

Table 6.2 summarizes the current recommendations
for carbohydrate intake in the athlete’s everyday recovery
diet including strategies to enhance postexercise refuel-
ing by commencing intake soon after the completion of
the exercise bout. An active individual’s carbohydrate
intake is not static but changes according the daily,
weekly, or seasonal goals and exercise commitments
within a training program.30 It can be useful to adjust car-
bohydrate intake by strategically consuming meals/
snacks providing carbohydrate and other nutrients
around important exercise sessions. This allows nutrient

and energy intake to track with the needs of the individ-
ual’s exercise commitments and promotes high carbohy-
drate availability to enhance performance and recovery.30

Recommendations regarding rehydration and con-
sumption of protein to promote muscular development,
adaptation, and repair are provided in Table 6.3. Current
sport nutrition research has provided new insights into
protein needs in response to exercise. Many of the adap-
tations to training result from the synthesis of new pro-
teins during the recovery from each exercise bout with
the various types of protein being determined by the
type of exercise that was just undertaken.65 To maximize
the functional output of training (i.e., growth in muscle
size and strength, enhancement of aerobic or anaerobic
metabolism), the athlete and fitness enthusiast needs to
enhance the protein synthetic response to the exercise
stimulus. Recent resistance exercise studies show that
muscle protein synthesis is optimized with the intake

TABLE 6.3 Recommendations for rehydration and repair/adaptations following exercise.

Issue Summary of current recommendations

Rehydration • Fluid intake equal to 125%e150% of a postexercise fluid deficit will be needed to
accommodate further sweat and urine losses and restore fluid balance.

• Thirst may not guarantee adequate fluid intake: when the fluid deficit is >2%
body mass, an athlete should have a fluid plan and access to a supply of
palatable beverages.
• Sweetened, cool drinks encourage voluntary intake of fluids.

• Rehydration requires replacement of the electrolytes lost in sweat, especially
sodium. Fluid intake in the absence of electrolyte replacement will reduce
plasma osmolarity and result in large urine losses.
• Sodium can be replaced via special drinks such as oral rehydration solutions

(50e80 mmol/L) or higher salt-containing sports drinks (30e35 mmol/L).
• Alternatively, sodium can be consumed in foods or added to the meals eaten

in conjunction with fluid intake.

• The intake of protein-containing fluids postexercise, such as dairy choices, may
also assist with fluid retention and contribute to other recovery goals.

• Where possible, it is better to space fluid intake over a period rather than
consuming large volumes at a single time: this pattern will reduce urine losses
and maximize fluid retention.

Repair and adaptation
(protein synthesis)

• Protein should be consumed soon after an exercise session to promote the
synthesis of new proteins as dictated by the specific exercise stimulus.
• An intake of 0.3e0.4 kg BM (20e30 g) of protein is sufficient to optimize the

response to exercise.
• Protein intake should include high-quality proteins such as animal sources

(e.g., dairy, eggs, meat). Alternatively, plant sources could include soy milk or
other soy or pea protein products.

• Although previous discussions on increased protein requirements for athletes
remain unresolved, it is likely that all needs can be met from intake of 1.2e1.6
g/kg BW/day. Protein needs during targeted weight-loss periods, where the
retention of lean body mass (LBM) is a priority, may require protein intakes of
1.6e2.4 g/kg BW/d.

• To maximize muscle protein synthesis over the 24 h cycle, protein intake should
be spread every 3e5 h over the day. In addition to traditional meals, a
postexercise snack and a prebed protein boost represent other strategic occasions
for intake.
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of modest amounts (0.3e0.4 g/kg BW; w 20e30 g) of
high-quality protein, spread over meals and snacks
every 3e5 h over the day. Protein intake is especially
important during the recovery period after exercise66

and, potentially, just before sleep.67 Recommendations
for the total daily intake of protein for athletes and
fitness enthusiasts undertaking heavy training loads,
regardless of mode or training or goals around BW
gain, are now set at 1.2e1.6 g/kg/d.13 Although this
amount of protein represents a doubling or tripling of
the Recommended Dietary Allowance reference values
for the general population (w0.8 g/kg BW/d), these
protein needs are generally met within the high-energy
intakes typical of athletes undertaking heavy training.68

Meanwhile, carbohydrate may be needed to fuel training
sessions and recovery, and both fat and carbohydrate
might contribute to the energy surplus needed to pro-
mote optimal gain in BW or general growth.15

VI. SPORT FOODS AND
SUPPLEMENTS: ARE THEY

NECESSARY?

A. Use of Sports Foods and Supplements

Given that the podium places at important sporting
competitions are decided by milliseconds and millime-
ters, it is understandable that elite athletes are in con-
stant search for any product or intervention that might
improve performance by even a small margin. However,
even recreational athletes are seduced by the promises
of the multitude of sports foods and supplements that
represent a multi-billion dollar industry. The crowded
and creative commercial market for these products
provides a challenge to stay abreast of the number of
products, the marketing claims, and the evidence base
for their real contribution to an athlete’s sporting goals.
Products used by athletes and fitness enthusiasts fall
into three different categories69: (1) sports foods providing
energy or nutrients when it is impractical to consume
everyday foods (e.g., sports drinks, protein supple-
ments); (2) nutrient supplements for treatment or
prevention of deficiencies (e.g., iron, vitamin D); (3) per-
formance supplements that directly enhance exercise ca-
pacity and (4)supplements that provide indirect benefits
through recovery, body composition management, and
other goals.

Despite earlier reluctance, many expert groups, in-
cluding the International Olympic Committee, now
pragmatically accept the use of supplements passing a
risk: benefit analysis of being safe, effective, legal, and
appropriate to an athlete’s age and maturation in their
sport.69 The Sports Supplement Framework of the
Australian Institute of Sport also provides cautious

support for the appropriate use of sports foods and
the few performance supplements that enjoy robust
evidence of efficacy.70 These include caffeine,71,72

bicarbonate,73,74 and b-alanine75 as extracellular buffering
agents and creatine76 and nitrate/beetroot juice as intra-
cellular buffering agents.77,78 Athletes and coaches
should, however, be aware that these benefits are limited
to specific situations (Fig. 6.2).

Any benefits associated with supplement use must be
balanced against the expense, the potential for adverse
outcomes due to poor protocols of use (e.g., excessive
doses, interactions with other supplements), and the
dangers inherent with products whose manufacture
and marketing is less regulated than that of foods or
pharmaceutical goods. Elite athletes also need to
consider the danger that supplements have been found
to contain contaminants or undeclared ingredients that
are prohibited by the antidoping codes under which
they compete79; these include stimulants, anabolic agents,
selective androgen receptor modulators, diuretics, ano-
rectics, and b2 agonists.69 Strict liability codes mean
that a positive urine test can trigger a doping rule viola-
tion with potentially serious impact on the athlete’s
career, livelihood, and reputation, despite unintentional
intake or minute (ineffective) doses. Third-party audit-
ing of products can help elite athletes to make informed
choices about supplement use but cannot provide an ab-
solute guarantee of product safety.69 Active individuals
are encouraged to make a well-considered decision,
based on consideration of their specific situation and is-
sues (see Fig. 6.3).

VII. CURRENT ISSUES IN SPORTS
NUTRITION: COMMENTARIES ON

TOPICAL CONTROVERSIES IN
SPORTS NUTRITION

A. Commentary 1: “Train Low” for Optimal
Training Adaptations: When Less is More

Although current recommendations promote exercise
under conditions of optimal nutritional support (e.g.,
adequate fluid and macronutrients) to enhance perfor-
mance, recently sport practices have focused on the poten-
tial advantages of training with “low” nutrient availability.
Scientific techniques now allow us to study the cellular
responses to exercise and nutrient stimuli. Such tech-
niques have provided the insight that the provision of
nutrient support promotes optimal function and then
quickly restores homeostasis and exercise capacity in
the postexercise period (“train harder” strategies).
Meanwhile, the absence or deliberate withdrawal of
nutritional support may increase the exercise stress/
stimuli and enhance or prolong signaling pathways
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Performance 
Supplements:

Products offering direct 
performance 

enhancement when 
used according to 
individualized and 

sports-specific 
protocols 

Caffeine
World’s most widely used drug found in everyday beverages and specially formulated 
sports foods and supplements.  Multi-functions include adenosine receptor 
antagonism which reduces perception of effort, fatigue and pain. Effective in sporting 
scenarios involving endurance, team/ intermittent, sustained high intensity/power 
and skill protocols. Individualized protocols of use should be developed according to 
practical issues and personal experience of responsiveness . Optimal dose appears to 
be 3-6 mg/kg and can be taken prior to and during the event, including just at the 
onset of fatigue.  Side effects can include insomnia and over-arousal (jitters, anxiety 
etc).  Evidence of individual responsiveness due to genotype is emerging 

Bicarbonate
Bicarbonate is the main extracellular 
buffer and an acute reduction in blood pH 
may increase capacity to buffer the excess 
H+ produced by exercise generating high 
rates of anaerobic glycolysis (e.g. events 
of 2-10 min, and perhaps intermittent 
team/racquet sports).  Optimal protocol = 
300 mg/kg BM taken in split doses over 
the 1.5-2.5 h pre-event.  Gastrointestinal 
discomfort may be reduced by consuming 
the dose with large volumes of fluid and a 
carbohydrate-rich snack

Beta-alanine
Increased intra-cellular buffering may be 
achieved by increases in muscle carnosine 
content via chronic supplementation with 
Beta-alanine. Split doses over the day or 
sustained release preparations may 
reduce the common side-effects of 
paraesthesia (tingling). Optimal 
supplementation protocol involves 
ingestion of 3.2–6.4 g ( 65 mg/kg BM) 
per day, consumed for a minimum of 2–4 
weeks, and up to 12 weeks, to enhance  
high-intensity exercise performance 
ranging from 30 s to 10 min in duration.
Carnosine may play other roles in the 
muscle

Creatine
Creatine monohydrate is the most common producy used to supplement 
dietary intake from meats/muscle sources and increase intramuscular 
creatine stores by 30%. Benefits are achieved by increasing the recovery of 
phosphocreatine stores during repeated high-intensity bouts of exercise; may 
be used to directly enhance sports performance of this nature, or to support 
the athlete to train harder. May have other roles in the muscle including 
direct effects to upregulate protein synthesis through changes in cellular 
osmolarity.  Optimal protocol = rapid loading of 4 x 5g/d for 5 days or slower 
loading of 3-5 g/d for a month. Maintenance dose = 3-5 g/d 

Nitrate/beetroot juice
Inorganic nitrate in beetroot, green leafy 
vegetables and other ground vegetables 
works with enterosalivary system to 
produce Nitric Oxide through an 
alternative and oxygen-independent 
pathway to arginine-NO production. 
Associated with improved exercise 
economy (reduction in oxygen cost of 
submaximal exercise) to improve 
endurance exercise performance, and 
enhanced skeletal muscle contractile 
function to improve muscle power and 
sprint exercise performance. Typical dose 
= ~8 mmol nitrate taken 2-3 h pre-race, 
especially with chronic intake for 3+ d pre-
event.  Effect of nitrate supplementation 
on longer events is inconsistent and may 
involve individual responsiveness, 
including observations that it seems less 
effective in elite/highly trained athletes 

��

�

FIGURE 6.2 Performance supplements: products offering direct performance enhancement when used according to individualized and
sports-specific protocols. Taken with permission from Ref. 80.
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work?
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Don’t 
use

Is it 
safe?

Is it 
permitted?

Is it the right 
time for me to 
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Don’t 
use

Don’t 
use

Making good decisions about performance supplements:
The decision tree approach

Age/maturation/experience? 
Resources? Sporting
Goals? Other items ticked off,
medical indications….

Is there scientific evidence that it 
Works for my event? Do I know the
Right protocol?  Have I trialed it?

Are there any side effects from 
using this product?  Will it 
interact with anything else I am 
doing?

Does it contain banned substances? 
Has it been tested for banned 
substances?  Is it otherwise low risk?

Consider use

FIGURE 6.3 Decision tree for considering the use of performance supplements. Taken with permission from Ref. 69.
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that remodel the muscle and other physiological sys-
tems to enhance the training response (a “train smarter”
approach). There is evidence that although fluid intake
enhances endurance performance in the heat, deliberate
exposure to dehydration during an exercise session may
enhance the physiological and cardiovascular processes
of acclimatization.81 Nevertheless, the area in which
most investigation has been undertaken around the
theme of strategic addition or withholding of nutritional
support involves the manipulation of carbohydrate
availability.

In addition to its contribution to the substrate needs
of exercise, glycogen plays important roles in regulating
the cellular activities that underpin the muscle’s
response to exercise.82 Specifically, undertaking a bout
of endurance exercise with low muscle glycogen stores
produces a coordinated upregulation of key signaling
and regulatory proteins in the muscle to enhance the
adaptive processes following the exercise session.83 Stra-
tegies that restrict exogenous carbohydrate availability
(e.g., training in a fasted state) also promote an improved
signaling response, although of a lower magnitude than
is the case for exercise with low glycogen stores.83 These
strategies (summarized in Table 6.4) enhance the cellular
outcomes of endurance training such as increased
maximal mitochondrial enzyme activities and/or mito-
chondrial content and increased rates of lipid oxidation.

Studies in subelite athletes (e.g., highly fit individuals),
in which these protocols have been superimposed on
most workouts in a training block, show evidence of
enhanced cellular adaptation.84,85 Somewhat curiously,
however, these “muscle advantages” have not transferred
to superior performance outcomes compared with the
improvements seen following training with high carbo-
hydrate availability.84,85 Although there are always chal-
lenges in measuring small but important changes in
sports performance, the most likely explanation for the
“disconnect” between mechanistic and performance out-
comes is that training with low carbohydrate availability
increases the perception of effort and reduces the inten-
sity of the training sessions.84,85 In other words, although
metabolic benefits were achieved, they were negated by
the interference to training quality. This suggests that
“train low” strategies need to be carefully integrated
into the periodized training program tomatch the specific
goal of the session and the larger goals of the training
period; this concept is described as “fueling for the
work required.”86

More recently, the withholding of carbohydrate dur-
ing early recovery to delay glycogen resynthesis has
been shown to upregulate markers of mitochondrial
biogenesis and lipid oxidation during the recovery
phase without interfering with the quality of the ses-
sion (see Refs. 83,86). The practical application of this
new strategy is that it allows the sequencing of (1) a
“train high” high-quality training session, (2) overnight

or within day carbohydrate restriction (“sleep low”),
and (3) a moderate-intensity workout undertaken
without carbohydrate intake (“train low”) (see
Table 6.4). The integration of several cycles of such
periodized carbohydrate availability into the weekly
training programs of subelite athletes has been shown
to improve performance, whereas such benefits were
not observed in a control group who undertook similar
training with a similar intake of carbohydrate that was
evenly distributed within and between days.87 Such an
approach has also been described in the real-life prepa-
ration of elite endurance athletes.88 Nevertheless,
studies of elite athletes appear to show fewer perfor-
mance benefits from strategies to periodize carbohy-
drate availability than seen in subelite athletes.89,90 It
is possible that elite athletes have a reduced ceiling
for improvements making differences harder to detect,
or they have an ability to undertake training of such in-
tensity and volume that the stimulus already maxi-
mizes the adaptive response. Further investigation is
merited, but it is likely that most highly trained athletes
already integrate some form of periodization of carbo-
hydrate availability within their schedules, either by
design or practicality. The challenge for sports science
will be to improve on what athletes achieve through
trial and error.

Finally, exercise is known to increase the production
of free oxygen and nitrogen radical species (RNOS),
which in excess are thought to contribute to acute
impairment of the muscle’s ability to produce force
and long-term inflammation, damage, and soreness.91

While increasing cellular antioxidant capacity via anti-
oxidant supplementation seems logical to counteract
the negative effects of RNOS on muscle force capability,
the research examining antioxidant supplementation in
acute or chronic exercise models is equivocal with
respect to muscle damage or performance outcomes.92,93

Newer insights indicate that only excessive oxidative
damage is problematic and that small and confined
oxidative changes in the muscle fulfill an important
role in the adaptation to exercise. For example, inducing
signaling cascades and upregulating the endogenous
oxidative defense system, which consists of complex
interactions of compartmentalized antioxidants.65,93 In
fact, some researchers report that supplementation
with isolated antioxidants such as vitamin C and/or E
can actually reduce the benefits of exercise training.94,95

Themost recent dietary recommendations for athletes
and active individuals promote the benefits of a varied
diet including a range of antioxidant- and phytochemical-
containing fruits and vegetables. Nevertheless, research
continues to investigate potential benefits from the con-
sumption of specific food phytochemicals, including poly-
phenols,96 which may contribute a range of functions
including effects on the immune system, the antiinflam-
matory response, and mitochondrial biogenesis.
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TABLE 6.4 Dietary strategies for training with low carbohydrate availability.

“Train Low” strategies undertaken to increase the exercise stimulus and/or to enhance the adaptive response to an exercise bout (see 102)

Strategy Protocol

Acute (session-by-session) exposure to low carbohydrate availability

Acute low carbohydrate availability training (“train
low”)dendogenous

• Undertaking prior bout of prolonged sustained or intermittent exercise
followed by restricted intake of carbohydrate to limit glycogen resynthesis
during recovery phase. Note that it is the second session that is done as a
“train low” session, and the between session recovery phase can be brief
(1e2 h) or prolonged (e.g., overnight or full day)

Acute low carbohydrate availability training (“train
low”)dexogenous

• Undertaking workout in the morning in a fasted state and without any
carbohydrate intake during the session.

• (Note: Could also be done for a session later only water during the session)

Acute postexercise low carbohydrate availability (“recover low”
or “sleep low”dif overnight)

• Restricting carbohydrate intake in the hours after a key workout to delay
glycogen resynthesis.

Strategic sequencing or periodization of carbohydrate availability

“Sleep low sequencing” • A practical application of this new strategy is that it allows the sequencing
of (1) a “train high” high-quality training session, (2) overnight or within
day carbohydrate restriction (“sleep low”), and (3) a moderate-intensity
workout undertaken without carbohydrate intake (“train low”).

Chronic adaptation to low carbohydrate availability (e.g. FAT ADAPTATION)

Chronic low carbohydrate availability (achieves low endogenous
and exogenous carbohydrate availability)

• Ketogenic low-carbohydrate, high-fat (LCHF) diet (< 50 g/day
carbohydrate; w 80% energy as fat)

• Non-ketogenic LCHF diet (15%e20% energy as carbohydrate; 60%e65%
energy as fat)
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B. Commentary 2. The Resurgence of
Ketogenic Low-Carbohydrate, High-Fat
Diets for Endurance Performance

In many events, success is determined by the mus-
cle’s ability to optimize the production of adenosine
triphosphate (ATP) to meet the requirements of the exer-
cise task. This reflects both the size of the available fuel
stores and the muscle’s ability to efficiently use these
fuels. It has been hypothesized that strategies that
improve an individual’s capacity to utilize their larger
fat stores will spare the muscle glycogen stores and
enhance endurance performance.97 Although training
achieves this outcome, the use of fat as a muscle fuel
can be further increased by adapting to a low-
carbohydrate, high-fat (LCHF) diet. Indeed, short-term
(w5 d) exposure to a diet providing <20% energy
from carbohydrate and > 60% from fat while undertak-
ing both high-volume and high-intensity training ses-
sions achieves a robust retooling of the muscle to
increase the mobilization, transport, and oxidation of
fat during exercise.98 If this high-fat diet is further
restricted in carbohydrate (<50 g/day) with 75%e80%
energy provided by fat, additional benefits from expo-
sure to high levels of circulating ketone bodies are also
claimed; this ketogenic LCHF diet has recently resur-
faced in popular interest.97 Despite considerable discus-
sion about this diet being “the future of elite endurance
sport” in lay and social media, there is no evidence that
it enhances the performance of high-performance
endurance athletes. Chronic (>3e4 weeks) adaptation
to the ketogenic LCHF clearly increases the muscle’s ca-
pacity for fat oxidation during exercise, providing effec-
tive fuel support for moderate-intensity exercise.99

However, a recent study89 that adapted elite race
walkers to the LCHF over this time period provided a
reminder of an important biochemical fact: the oxygen
demand of fat oxidation to produce a given amount of
ATP is greater than that of carbohydrate. Although the
group of highly trained to world class race walkers
was observed to achieve the highest rates of fat oxida-
tion ever reported in the literature across a range of
speeds relevant to the races on the Olympic program,
this was associated with a loss of economy (a greater ox-
ygen was required to walk at the same speed). In
contrast to a control group of athletes who improved
their performance of a real-life 10,000 km track race by
w 6% following a 3 week training block supported by
strategic or chronic carbohydrate availability, the
LCHF made no performance gains despite improving
their aerobic capacity to a similar extent.89 These results
were attributed, at least partially, to reduced walking
economy and a limit on the intensity of exercise
that can be supported by fat oxidation due to the limits
of the muscle’s oxygen supply. This suggests that

adaptation to LCHF may be suited to athletes who
compete in events conducted entirely at moderate inten-
sities. However, LCHF may provide a disadvantage to
endurance sports and ultraendurance sports involving
critical passages of high-intensity work, where success
is determined by the ability to exercise as economically
as possible at the highest sustainable intensity.

C. Commentary 3. Low Energy Availability,
Female Athlete Triad, and Relative Energy
Deficiency in Sport

The term Female Athlete Triad was first coined in the
1990s to describe the coincidental presence of eating
disorders, amenorrhea, and osteoporosis in female ath-
letes and the relationships among these problems.100

Later, the syndrome was updated to describe the interre-
latedness of three issues of energy availability, menstrual
health, and bone health in female athletes with each of
these factors existing in a continuum between optimal
function and a clinical disorder.101 Female athletes were
encouraged to regard movement toward the negative
end of any of these spectra as unwelcome and to seek
early intervention for such changes. A major change
involved the recognition that low energy availability
rather than eating disorders per se provided a key dietary
input. A mismatch between energy intake, energy com-
mitted to exercise, and the energy cost of healthy body
function can certainly occur in athletes with disordered
eating, representing psychological issues. However,
other causes could be considered simply misguided
(e.g., an overzealous weight-loss campaign to achieve
a justified change in body composition) or inadvertent
(failure to recognize or respond to a sudden increase
in training volume).3 Indeed, other very specific causes
have been identified in special populations, such as
food insecurity due to poor finances among East African
distance runners.102

Further research and real-life observations have led
to a continual evolution of our knowledge and mess-
aging about the causes and effects of low energy avail-
ability. This includes recognition that the relationships
between the variables in the Female Athlete Triad are
not as predictable or tightly associated as previously
indicated. Indeed, both the errors and resources
involved in undertaking an assessment of energy
availability in free-living populations make it useful
as a concept rather than a strict diagnostic tool.103

Furthermore, although original research had suggested
that there were bands or thresholds that could predict
the likely healthy and unhealthy ranges of energy avail-
ability (see Table 6.5), recent research suggests that
these thresholds should be used as a very general guide
only.104 Although such research suggests that the likeli-
hood of health problems increases with the reduction in
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energy availability, neither thresholds nor universal re-
lationships between the three axes of the Female
Athlete Triad are always seen.104

The recognition that a larger range of health
problems can occur in association with low energy
availability, and are also observed in males, led to the
development of a larger umbrella term to describe
this syndrome: RED-S. RED-S recognizes that low en-
ergy deficiency is associated with increased risk of
illness and injury, cardiovascular complications, gastro-
intestinal disturbances, and reduced performance.105

While further work is needed to better harmonize the
positioning of syndromes, the greater need is for evolu-
tion in the science and practice of prevention and treat-
ment of the problems associated with low energy
availability.

VIII. CONCLUSION

Athletes and active individuals have different energy,
nutrient, and fluid needs compared to their sedentary
peers. First, they need to consume adequate energy to
meet the energy demands of exercise training and compe-
tition, normal energy costs of daily living, and growth,
tissue building and repair, and reproduction needs.
These energy needs will change over time depending
on the training or exercise schedule maintained, compe-
tition times, and physique goals. Carbohydrate needs
increase to provide fuel and replace glycogen, while pro-
tein requirements increase to meet muscle adaptations,
building, and repair. Second, athletes and active individ-
uals need to maintain a body size and composition that
maximizes sport performance, yet it is achievable

TABLE 6.5 Illustrating different levels of energy availability in sport.

Situation

Energy availability (energy

intakeL energy cost of

exercisea) relative to the athlete’s

fat-free mass (FFM) Examples

Weight gain, growth, hypertrophy >45 kcal (189 kJ) per kg FFM Swimmer A: 65 kg (20% body
fat ¼ 80% FFM); weekly
training ¼ 5600 kcal (23.5 MJ);
daily energy intake ¼ 3520 kcal
(14.7 MJ)
Energy availability ¼ (3520 e
800 kcal)/(0.8 * 65) ¼ 52 kcal/kg
FFM (219 kJ)

Weight/physique maintenance
and optimal health and function

w45 kcal (189 kJ) per kg FFM Swimmer B: 65 kg (15% body
fat ¼ 85% FFM); weekly
training ¼ 5600 kcal (2.35 MJ);
daily energy intake ¼ 3285 kcal
(13.8 MJ)
Energy availability ¼ (3285e
800 kcal)/(0.85 * 65) ¼ 45 kcal/kg
FFM (189 kJ)

Healthy weight loss (or weight
maintenance at reducedmetabolic
rate)

30e45 kcal (125e189 kJ) per kg
FFM
Note that this range of energy
availability is no longer
considered free of risk of
suboptimal function of all body
systems, and other factors may
interact with energy availability to
protect against or exacerbate
health outcomes.

Runner C: 55 kg (20% body
fat ¼ 80% FFM); weekly
training ¼ 5600 kcal (23.5 MJ);
daily energy intake ¼ 2340 kcal
(9.8 MJ)
Energy availability ¼ (2340 e

800 kcal)/(0.8 * 55) ¼ 35 kcal/kg
FFM (164 kJ)

Low energy availabilitydhealth
implications

<30 kcal (125 kJ) per kg FFM
Note that although there may not
be an exact threshold below
which the effects of low energy
availability are observed, a greater
risk of various problems is found
as energy availability is reduced.

Runner D: 55 kg (25% body
fat ¼ 75% FFM); weekly
training ¼ 5600 kcal (2.35 MJ);
daily energy intake ¼ 1880 kcal
(7.9 MJ)
Energy availability ¼ (1880�
800 kcal)/(0.75 * 55) ¼ 26 kcal/kg
FFM (110 kJ)

aNote that the energy expenditure associated with training should only include the energy cost above that of resting metabolic rate that is

incurred due to the exercise.
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without increasing the risk of disordered eating or low
energy availability and its consequences. Third, to stay
healthy and injury free, an active individual needs
to be adequately fueled, with a diet that meets macro-
and micronutrient needs. Fourth, training and competi-
tive events are physiological demanding and require
individualized food and fluid recommendations before,
during, and after exercise, to reduce/delay fatigue and

allow for optimal performance. Postexercise recovery
nutrition should restore fuel and fluids homeostasis,
preparing the body for the next exercise event. Finally,
exercise training and competitive events create prac-
tical challenges, including accessibility of suitable
foods and fluids at the right time around exercise and
making good choices regarding supplements and sport
foods.

RESEARCH GAPS

• Energy and nutrient needs of active growing individuals
• Precise tools for assessing energy availability andmaking a diagnosis of low energy availability in female and

male athletes and active individuals
• Differences in the susceptibility to outcomes related to low energy availability within and between active

males and females
• The effect of the caliber of the athlete (e.g., elite vs. recreational) and the level of training (highly and

specifically trained vs. generally active) on the effectiveness of various nutrition strategies (e.g., fueling for
events, performance supplements)

• The use of evidence-based performance supplements as it often needs to be implemented in real-life sport
(e.g., use of several supplements at the same time, whether they can be used more than once in a certain time
frame such as the heats and finals of an event in the same day)

• Whether strategies that create positive changes in a muscle cell (e.g., training with low glycogen) transfer to a
change in sports performance

• Whether genetic differences in individuals lead to different responses to sports nutrition strategies and
require a “personalized nutrition” approach

• Safe and effective ways to change body composition to reduce body fat while maximizing lean mass (or
minimizing its loss)

• The effect of exercise and sports participation on the microbiome
• Strategies to address the gut dysfunction and damage that occurs in some sporting activities to improve

health and comfort during exercise, as well as allow
• Whether special diets (e.g., ketogenic LCHF, vegan, paleo) offer any advantages to the athletes or active

individual. Which types of sporting activities or issues may benefit and which may be harmed? Which
aspects of a diet might be useful for health and performance and which should be ignored?
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SUMMARY

Nutrition science in the United States has been shaped by national security needs, specifically the need to
feed armies to sustain their performance in the face of adversity. In the 20th century, Army nutrition
research provided foundational data on metabolic requirements of healthy men and women, developed
important methodologies for laboratory and field nutrition surveys, and led national efforts on perfor-
mance in extreme environments. The study of human metabolism in challenging environments has
proven to be an enduring need for the Army, and this requires unique capabilities with embedded
soldier-scientists conducting credible studies in relevant field environments. Support for military nutri-
tion research periodically surged during the 20th century, including reincarnations in the 1940 and 1980s
when nutritional physiologists were colocated with food developers. Major findings repeatedly centered
on the challenges of inadequate energy intakes in all extreme environments rather than identifying any
unique needs for specific ration components.

Keywords: 20th century; Dietary supplements; Energy metabolism; Federally funded research; Military rations;
Return on research investment; Scientometrics.

I. INTRODUCTION

Dr. Ancel Keys had preceded us in the desert. He reported
favorably on K-rations. But we followed the path of a maneu-
vering unit by the trail of discarded K biscuits. Even small desert
rodents avoided them. Experts who designed the ration must
have thought in terms of animal husbandry. They concluded
that each ration each day should have the liberal allowance of vi-
tamins, etc., recommended by the Food and Nutrition Board. To
get such constituents within the physical requirements for an
emergency ration, brewer’s yeast, soybean flour, and liver extract
had to be added. This was not what one would recommend
offhand for flavor. The SurgeonGeneral of the Army commanded
me to write a critique of Army emergency rations.

The resulting document had all the earmarks of genius .
First, a ration is no good if it is not eaten . The second radical
discovery was that soldiers are people and eat things they are
familiar with more readily than exotic ones, and variation, not
monotony, encourages eating. William B. Bean, 1968.1

William Bean was one of the many young medical
researchers whose career paths were abruptly diverted to
solve problems of soldier health and performance to help
win World War II. Almost overnight, task-organized
labs were assembled, with multidisciplinary expertise rep-
resenting medicine, physiology, engineering, chemistry,
public health, and any other specialty that was available
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and might be useful. Bean was assigned to the Armored
Medical Research Laboratory, in Fort Knox, Kentucky,
where the “science war” forged a new generation of
biomedical scientists. Allied successes relied heavily on
technological advances, ranging from development of an-
tibiotics to nuclear weapons.1,2 It also produced a new gen-
eration of nutrition scientists for the nation.3

Nutrition research is a national security priority
because of the need to fuel an army of soldiers, sustain
their morale with palatable rations, and ensure that
they are metabolically fit and ready for unpredictable
challenges in the widest possible range of environments.
This is an enduring need because the army that discovers
a way to fuel their soldiers more effectively has the
advantage of greater lethality through more capable
warfighters. Problem-solving for the US Army also
typically has broader benefits in the form of “dual use”
applications. The often-cited development of canning
technology to preserve rations for Napoleon’s army is
just one example of how military technology advances
have impacted society. InWorldWar I, concern aboutmil-
itary food waste led to studies that provided substantive
data on the energy requirements of active, young men
who are still valid today, confirmed with doubly labeled
water and other techniques in free-living individuals.4,5

General concepts that now seem obvious also emerged
from Army research needs, such as the seminal World
War II studies on “man in the desert” that highlighted
the importance of maintaining hydration instead of
trying to train the body to water restriction.6,7 National
defense needs were the motivation for Congress to enact
legislation to establish the School Lunch Program after
World War II, based on the observation that too many
American children were chronically malnourished and
would not be qualified for military service.8 The Army
Office of the Surgeon General sponsored Ancel Keys’
classic Minnesota Starvation Study to understand how
to refeed semistarved soldiers returning from prisoner-
of-war camps and starving postwar civilian populations.
Researchers today still use the published data from this
truly unique experiment to test and validate human
metabolic models.9 The concept and methodological
foundation of the National Health and Nutrition Exami-
nation Survey (NHANES) is directly traceable to the
international nutrition survey assistance programs con-
ducted by the Army in the postwar period and later ef-
forts organized under the Interdepartmental Committee
of Nutrition for National Defense (ICNND).10e12 The mil-
itary nutritional surveys drove advances in understand-
ing micronutrient deficiencies and the substantial
elimination of previously common diseases such as
scurvy, pellagra, and beriberi in this country and others.13

Military research produced themethods for body compo-
sition assessment used routinely in nutrition science,
initially driven by the need to assess body fat and
dissolved nitrogen stores in military divers.14e16

Fundamental advances in the role of nutrition and im-
mune function came out of military infectious disease
research, where Colonel William Beisel identified the
role of interleukin-1 in the effect of multiple stressors
on reduced disease resistance and in disease-mediated
loss of muscle mass.17,18 Manymodern food preservation
technologies to extend nutrient shelf life in extreme
conditions, and where the food will still be relatively
appetizing and palatable, have come out of the develop-
mental efforts of Army food technology and packaging
experts.19,20

The Army conducts and supports operational medi-
cine research to expand performance capabilities and
sustain soldier health, with clear spin-off benefits to so-
ciety. This review and analysis of the 20th century mili-
tary nutrition research program considers the advances
that were made and the organizational factors and op-
portunities that permitted these advances in nutrition
science. Key accomplishments of the program were
foundational data on metabolic requirements of healthy,
young men and women, new methodologies for
laboratory and field studies, and national leadership of
research on performance in extreme environments.

II. MILITARY RESEARCH PRIORITIES

A. Soldier Provisioning in the Public Eye

The Army is reactive by nature, responding to issues
of national security as they arise. This reactive response
to emerging threats also affects military research pro-
grams. The galvanizing issues in military nutrition
research have typically centered on national outcries
about the quality of field rations when America’s young
men and women have been sent into harm’s way. Along
with providing better protection and equipment,
providing better food to soldiers in combat is one of the
tangible opportunities for Americans to voice their sup-
port for the troops. In the Spanish American war, a
very public debate questioned the appropriateness of a
high-fat ration for soldiers fighting in hot, humid condi-
tions in the Philippines.21,22 In World War I, public
concern focused on wasted food at Army camps during
a time when the country was sacrificing for the war
effort.23 In World War II, Keys’ nutritionally balanced
“K rations” were scientifically constructed but unpalat-
able emergency rations; however, by the end of the war,
the new canned “C ration” was considered a huge
improvement.24,25 At the start of the 1990e91 Persian
Gulf War, some field units ate only the Meal, Ready-to-
Eat (MRE) packaged ration for several months without
supplementation with fresh foods.26 This contributed to
very public complaints about the adequacy of field ra-
tions (specifically, palatability and resulting inadequate
energy intake) that led to a successful ration improvement
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program that continues today.20,27 Later, soldiers in Iraq
were provided with so much high-quality food in
garrison that there was a backlash about the excess.28

Each issue has provoked new science related to soldier
feeding strategies and policies.

B. Nutritional Health Diplomacy

Military biomedical initiatives also serve diplomatic
goals and advance peacekeeping efforts, offering low-
risk humanitarian, bridge-building opportunities.10

The methodologies developed to assess the nutrition of
troops in the South Pacific were subsequently applied
in civilian postwar reconstruction efforts in Germany
and Japan.11,29 The ICNND program, led by the Depart-
ment of Defense (DoD) Assistant Secretary for Health
Affairs, conducted nutritional surveys to establish vital
health status and improve micronutrient intakes in 37
allied countries for more than a decade (1955e67).30

This nutrition status methodology, using anthropom-
etry, biochemical assessments, and clinical examina-
tions, later formed the basis of the NHANES program
for nutritional surveys within the United States.12 In
parallel, the methodologies were adapted to evaluate
nutrient intakes of military populations through exten-
sive field ration tests and in dining facilities.31,32

C. Military Organizational Priorities

In addition to the ever-present need for nutritious and
palatable rations, more specific organizational needs
have driven Army nutrition science. The main efforts can
be roughly categorized around four eras of military nutri-
tion research in the 20th century (Table 7.1). In 1917, Her-
bert Hoover (in his role in charge of Food Administration)
and General William C. Gorgas (the Army Surgeon Gen-
eral) asked Major John Murlin to establish a nutrition
research team, based in Washington DC, to conduct field
studies with soldiers “to determine ration suitability and
requirement.”33 The purpose was to scientifically define
the metabolic requirements of soldiers and advise the
Quartermaster Corps on field and garrison rations.34

The nutrition questions changed in World War II. Op-
erations were faster paced and took place in a wide
range of environmental extremes around the world,
including “steaming tropics, dry desert, cold and windy
islands, and frigid subarctic.”3 There was concern that
“the newer knowledge of nutrition had not had a
marked effect on the kind and amount of food eaten in
the Army since World War I.”35 The Armored Medical
Research Laboratory was established (1942e61), and
the lab fielded teams around the world to study
nutritional needs in the context of environmental
physiology.1 At the same time, a team of nutritional
physiologists was moved from Washington DC to a

new Medical Nutrition Laboratory (1944e51) colocated
with food developers in the Quartermaster Subsistence
Research and Development Laboratory in Chicago.
Their role was to advance nutrition science, particularly
as it related to the composition of rations and their actual
use in the field.3,36 After the end of the war, recurrent
recommendations by the Quartermaster Corps to dises-
tablish nutrition research were finally successful,
although a small element of the Medical Nutrition Lab-
oratory was saved and moved to Fitzsimons Army Hos-
pital in Colorado to address new questions about the
role of nutrition on soldier health and readiness.3

In 1958, the US ArmyMedical Research and Nutrition
Laboratory (USAMRNL) was established.3 In 1974, the
lab was moved and consolidated with other biomedical
research components in the new Letterman Army Insti-
tute of Research (LAIR) at the Presidio of San Francisco,
permitting new synergies with other research depart-
ments and a major medical center.37 During a 30-year
period (1958e78), nutrition research by USAMRNL
and, later, LAIR supported international studies on
micronutrient deficiencies and explored nutritional
health- and performance-related questions, reported in
over 2000 publications.38e41

In 1978, the Army divested itself of nutrition research
after a determination that micronutrient deficiencies
had been largely addressed, soldier-specific research
requirements were not well identified, and other federal
agencies were now heavily invested in nutrition
science.37,42 The Army nutrition research division at
LAIR was closed, and nutrition research assets were
transferred to the Western Human Nutrition Research
Center of the US Department of Agriculture (USDA).42

Research on the nutritional consequences of infection
was also shut down at the US Army Research Institute
of Infectious Diseases.42 The LAIR project “Evaluation
of the MCI and MRE Rations as the Sole Subsistence for
an Extended Period” was terminated before data collec-
tion ever began. However, the proposed reliance on the
USDA to address future Army needs in this area lasted
only until the realization that field studies for this new
class of rations, the MRE, required a capability that no
longer existed, and testing the newMREwith college stu-
dents using microwave ovens in their dorm rooms was
hardly a soldier-relevant test environment.20,43

The Army directed the reestablishment and funding
of an intramural biomedical research capability that
would support field ration development and resume
research on nutritional strategies for soldier perfor-
mance enhancement, including “performance of cogni-
tive, psychomotor, and physical tasks during sustained
periods under all environmental extremes.”44 This was
again colocated with the food developers, who had
moved from Chicago to Natick, Massachusetts.
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TABLE 7.1 Timeline of key military nutrition research activities of the past century.

1917 Establishment of the Nutrition Division in the Office of the Surgeon General under the leadership of Major John Murlin, Sanitary
Corps, for purposes of “safeguarding the nutritional interests of the Army.”

1918 Establishment of an expert advisory panel, the Food and Nutrition Board, including widely recognized founders of the science of
nutrition research: C.I. Alsberg, F.G. Benedict, Graham Lusk, L.B. Mendel, E.V. McCollum, and A.E. Taylor.

1919 Surgeon General William Gorgas orders Nutrition Division to examine food wastage in World War I Army training camps. Survey
concluded that too much food was provided, meals were not nutritionally balanced for mineral salts, and there was an excess of fat.

1942 Establishment of the Armored Medical Research Laboratory at Fort Knox, Kentucky, charged with conducting lab and field studies
on physiology of the soldier in tanks and in extreme environments, including nutritional physiology. Closed in 1961 and
reestablished as the US Army Research institute of Environmental Medicine (USARIEM) in Natick, Massachusetts.

1942 Reestablishment of military nutrition research capabilities, with commissioned nutrition officers and a lab under the director of
laboratories, Army Medical School, Washington DC, led by Major George Berryman, Sanitary Corps, and Robert E. Johnson as
Scientific Advisor.

1944 Medical Nutrition Laboratory aligns with Quartermaster subsistence R&D Laboratory in Chicago, with mission to investigate
nutritional health of troops in all environments (including a large number of field ration surveys); prevent and treat disease and
damage by nutritional and metabolic means; and observe and make recommendations on nutrition and health of civil populations
under military control.

1945-46 Development of procedures for anthropometric, biochemical, and clinical examination methodologies to assess nutritional status of
military and civilian populations, studying troops in the South Pacific and in studies of civilian populations in Germany and Japan.

1945 Ancel Keys’ team conducts Minnesota Starvation Study for the Department of Defense (DoD) in order to discover responses to
starvation and explore refeeding strategies.

1955e67 Interdepartmental Committee of Nutrition for National Defense (ICNND) conducted studies in 37 countries, improving
international nutritional health and refining nutrition assessment survey methodologies, providing foundation for later NHANES.

1958 US Army Medical Research and Nutrition Laboratory (USAMRNLdthe “nut lab”) formed at Fitzsimmons General Hospital from
the US Army Research and Development Unit, previously engaged in tuberculosis and chest surgery research and the Medical
Nutrition Laboratory; COL John Youmans becomes tech director of USAMRDC (1948e50).

1974 USAMRNL moved from Denver to San Francisco and integrated into Department of Nutrition and Department of Medicine of
Letterman Army Institute of Research (LAIR).

1980 Disestablishment of Army nutrition research and transfer of some elements to US Department of Agriculture.

1982 Reestablishment of a new Army medical nutrition research program at the US Army Research institute of Environmental Medicine,
Natick, ordered by General Maxwell Thurman in response to critical need to evaluate nutritional adequacy of field feeding and
operational rations.

1984e2012 Establishment of the standing Committee on Military Nutrition Research (CMNR, Food and Nutrition Board, institute of Medicine)
to provide authoritative advice to the DoD.

1985 Combat Field Feeding System (CFFS) Test established health and performance relationships to new feeding systems and began a
new era of continuous improvement and optimization of rations for use in austere environments.

1987 First congressional special funding to help establish Army nutrition research capability in Baton Rouge, Florida, in partnership with
“Doc” Pennington Foundation.

1985e2000 Field ration testing program evaluates a large number of field rations with soldiers in a wide range of extreme environments and
mission profiles.

1994e99 First nutrition research Science and Technology Objective (STO) initiative on performance-enhancing ration components concludes
that caffeine and carbohydrate each contribute at least an additional 15% endurance time to exhaustion. This tech base research
provided the science basis for the formulation of components in the First Strike Ration.

Derived from Schnakenberg, “A Brief History of Military Nutrition Research,”37.
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III. A NEW RESEARCH
ORGANIZATIONAL STRATEGY

A. Modern Army Nutrition Science Research

The program restart in the 1980s was accomplished
by Colonel David Schnakenberg42 (Fig. 7.1). He had
the influential backing of Lieutenant General Maxwell
Thurman to establish a modern nutrition science pro-
gram, and he was able to do it as he moved through a
succession of key military positions. He led the Natick-
based US Army Research Institute of Environmental
Medicine (USARIEM) laboratory, where he built the
new Nutrition Research Division, coordinated new
nutrition directives at medical headquarters, and then
planned and programmed long-term funding as the
head of the Army operational medicine research pro-
gram.43 At USARIEM, Schnakenberg inserted Colonel
E. Wayne Askew as the chief of the new Nutrition
Research Division and devised a research program
with interrelated elements. These included a synergistic
colocation with food developers at Natick labs; estab-
lishment of the Committee on Military Nutrition
Research (CMNR), a new standing committee from the
Institute of Medicine’s (IOM’s) Food and Nutrition
Board; military representation at federal nutrition
coordinating committees, such as the congressionally
mandated Interagency Committee on Human Nutrition
Research; and a newly established extramural partner-
ship with a semiautonomous nutrition center, the Pen-
nington Biomedical Research Center (PBRC) (Fig. 7.2).

B. Colocation of Food Technology and
Nutrition Science

In 1984, the Army was assigned executive agency re-
sponsibility for nutrition research to address the needs
of all themilitary services.45 Later, in Armymedical head-
quarters, Schnakenberg established a permanent Army
funding line for ration sustainment testing that provided
support to annual studies involving ration improvement
and addressed issues about garrison feeding. These
funds permitted collaborative investigations with ration
developers that included scientists focused on nutrition
before it entered the mouth, including food psychology
(Natick Soldier Systems Center), and those focused on
the effects on humans after it entered the mouth (USAR-
IEM), in distinctly different and complimentary “skin
out” and “skin in” research missions.46 These collabora-
tions contributed to a highly productive, science-based
ration development program (Table 7.2).

C. PartnershipWith the Pennington Biomedical
Research Center (PBRC)

A cornerstone of the revised USARIEM nutrition
research program was a special collaboration with the
PBRC in Baton Rouge, Louisiana. PBRC augmented the
Army nutrition research capabilities, permitting major
research studies that would not have otherwise been
possible. This research partnership began in 1989 through
special congressional funding to the Army for nutrition
research, only to be conducted in the newly established
$125M center built in Baton Rouge by a local benefactor,
C.B. Pennington.47 While a congressional earmark
through the USDA provided equipment for the labora-
tory ($9.4M), Schnakenberg strategically leveraged the
directed Army funding to support and extend the objec-
tives of the newly established military nutrition research
program. Schnakenberg recalls his first visit to an empty
new buildingwith only a security guard and his opportu-
nity to point out the Army’s desires: a stable isotope lab,
food composition lab, and metabolic chambers (David D.
Schnakenberg, oral communication, October 2003). This
initial 1989 grant, championed by the Speaker of the
House, Congressman Bob Livingston, became a regular
congressional special interest appropriation added to
the DoD budget. This supplemental budget item, deemed
essential to support Army nutrition research, continued
through the 2010 defense appropriations.

Over $60M from the DoD provided a PBRC capability
that supported field studies with direct laboratory and
field staff resources for 103 major studies and more
than 100 significant peer-reviewed publications (Sum-
mary accomplishments, Table 7.2). PBRC scientists, un-
der the scientific leadership of Donna Ryan (for the
Army studies), helped design and lead nutrition field

FIGURE 7.1 Colonel David D. Schnakenberg, Army nutritional
biochemist. His extraordinary vision for a modern military nutrition
research program formed the basis of the nutrition science program
that continues today.
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and laboratory studies alongside USARIEM researchers
(Fig. 7.2). The PBRC Army research ranged from hous-
ing Special Forces soldiers for intensive laboratory
studies at the Pennington Center to supervising modifi-
cation of the Army master menu with studies at Fort
Polk, Louisiana48,49(Table 7.2). PBRC also designed and
led large field studies on weight management data
with Fort Bragg units in North Carolina, Army Reserves
in the Northeastern United States, and the entire Louisi-
ana National Guard.50e53 In turn, this Army investment
helped PBRC establish common capabilities that sup-
ported civilian and other governmental agency-funded
projects in metabolism, obesity, and nutritional supple-
ment research. Today, these PBRC projects include
over $55M in annual core operating costs, with major
grants from National Institutes of Health (NIH) and

the USDA, and PRBC continues collaborative research
with the Army through new competitive grants. The
PBRC has contributed essential capabilities and exper-
tise to address the Army’s research priorities in soldier
nutrition (Table 7.3).

D. Authoritative Advice From the Committee
on Military Nutrition Research (CMNR)

Another key feature of the program was the
formation of an authoritative external advisory board.
Following earlier models,34 the standing CMNR was
established within the Food and Nutrition Board of the
IOM in October 1982. Major General Garrison Rapmund
needed the wide-ranging expertise of this group to pro-
vide mainstream, national nutritional science advice to

FIGURE 7.2 Key leaders of modern Army
nutrition science. Clockwise from upper left:
Robert O. Nesheim, PhD, chair of the Com-
mittee on Military Nutrition Research, Food
and Nutrition Board, National Academy of
Sciences; Gerald (Gerry) Darsch, head of the
Combat Feeding Directorate, Natick Soldier
Center (demonstrating a chemical ration heat-
er); Donna Ryan, MD, Principal Investigator,
Army nutrition research grants, Pennington
Biomedical Research Center; and Eldon
(Wayne) Askew, PhD, Chief of Military Nutri-
tion Division, US Army Research Institute of
EnvironmentalMedicine (collecting field data).
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respond to an increasing number of nutrition issues that
arose as the Armymoved to a radically different Combat
Field Feeding System (CFFS) (David D. Schnakenberg,
oral communication, October 2003). This committee
was available to provide authoritative advice to the
Army as important issues and nutrition policy questions
arose.54,55 The first CMNR meeting evaluated and
reviewed nutritional influences on physical and cogni-
tive performance, and this watershed symposium pro-
vided impetus to the core program for years to come.56

For 30 years, the CMNR provided specific endorsements
of military nutrition policy issues and influenced Army
nutrition science (Table 7.4). Many of these recommen-
dations also influenced extramural researchers to work
on problems of importance to the military in their own
research programs. In several cases, special reviews
were conducted to address urgent questions from the
Army medical leadership, such as antioxidant nutrition,
iron deficiency status in military women, and use of
high-fat rations, with the committee chair, Bob Nesheim,
Ph.D., providing authoritative recommendations to

senior leaders (Table 7.4). The CMNR conducted peri-
odic site reviews of the PBRC program’s support to
Army nutrition, with constructive suggestions to the
Army on how to get the best synergy in the research
partnership (Table 7.4). The DoD discontinued the
CMNR in 2012, in response to a priority need to increase
funding for military psychological health.

IV. ENERGY REQUIREMENTS FOR
ACTIVE, HEALTHY INDIVIDUALS

Urgent dispatches by George Washington during the
Revolutionary War highlighted critical tactical failings
that resulted from nutritional deficiencies and under-
feeding of his soldiers.3 The important relationship be-
tween energy metabolism and soldier performance
was well studied through the 20th century, and this
included extending upper limits of energy expenditure

TABLE 7.2 Major studies related to adequacy of military rations
(1985e2000). Each field ration test provided the
opportunity to address research questions concerning
the role of nutrition in sustaining or enhancing
soldier performance in extreme environments.

1985 Prolonged feeding of the MRE (CFFS study)88

1986 Weight effects and A-ration feeding in the field

1987 Dietary carbohydrate supplement during exercise at altitude141

1987 Ration, lightweight 30-day feeding87

1987 Ration, Cold Weather (RCW) and MRE feeding with Special
Forces for 10-day cold weather field training exercise

1988 MRE, RCW, and LRP in 11-day cold weather training at Marine
Mountain warfare Center

1990 Minimal ration energy requirements in high-risk training
environments70

1991 High-altitude nutritional intake and energy expenditure98

1992 Eighteen-man Arctic Tray Pack Ration Module with MRE or
Long Life Ration Packet during a cold-weather field training
exercise101

1992 Food packet, survival, general purpose aircrew simulated
survival scenario115

1994 Unitized Group Ration (UGR) test in US Marine Corps hot-
weather training

1995 Ration adequacy in Special Forces Assessment and Selection
course study62

1995 Thirty-day continuous feeding of the MRE110

1997 Hot-weather feeding of the UGR and carbohydrate beverage97

2000 Sixty-day Tray ration consumption (Great Inagua Island,
Bahamas)111

TABLE 7.3 Top 10 military contributions from Pennington
Biomedical Research Center, in a research partner-
ship augmenting Army intramural capabilities.

• Measured total daily energy expenditure (TDEE) of healthy, young
men and women across a full range of field settings and
occupational tasks using the doubly labeled water technique

• Participated in field studies of soldier nutrition and ration
development in extreme environments including extreme cold, hot-
dry, high-altitude, and high-intensity training

• Evaluated adequacy of a wide range of new and specialized
operational ration concepts, providing biochemical analyses of
rations and soldier samples for a wide range of rations and ration
concepts in field feeding

• Supported studies on health and performance of female soldiers in
basic training, through pregnancy and lactation, and in other
specialized settings in Officer’s Basic Course, on ships, and in the
field

• Conducted military food studies with master menu analyses for
health, soldier acceptance, and logistical feasibility and supported
periodic assessments of service dining facilities

• Developed food databases based on food composition analyses as a
significant tool for military and civilian food scientists and
dieticians

• Conducted laboratory studies on performance enhancing ration
components including carbohydrate to extend endurance
performance, tyrosine for sleep and cognition, and supported field
studies on creatine, caffeine, hyperhydration with glycerol, sodium
depletion, and zinc to prevent diarrheal disease

• Collaborated on extensive series of studies on soldier mineral
metabolism status for iron, salt, and other minerals and vitamins

• Led Army weight management studies, pioneering epidemiological
data acquisition and technologies and internet-based computational
tools (H.E.A.L.T.H.) and conducted large Army epidemiological
studies at Fort Bragg, New England RRC, and Louisiana Army
National Guard

• Supported a wide range of specialized military studies for
biochemical and metabolic balance studies, including disabled
submarine, amino acid supplementation, and nutritional
requirements of military women
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in prolonged, exhaustivemilitary operations. The studies
of American chemist, physiologist, and nutritionist
Francis Gano Benedict provided a foundation for mod-
ern metabolic research, and he was part of a small
team of external scientific steering committee members,
who guided the Army nutrition program in World War
I.34,57 Subsequent energy metabolism research has had
a close relationship with the Army. By the end of the
20th century, collaborative studies led by Reed Hoyt,
Ph.D., applied modern tools with stable isotope tracers
and wearable physiological monitoring to address
soldier issues. Efforts to apply emerging technologies,
such as wearable physiological monitoring, to practical
field metabolic measurement continue today.58e60 The
NIH encouraged and cofunded Hoyt’s field studies
because of the paucity of data on energy requirements
of healthy, active Americans at the time (Van Hubbard,
unpublished).

A. Total Daily Energy Expenditure
Requirements

In World War I, there was an urgent need to address a
perception of food wastage at military camps, as the war
effort was being supported by nationwide rationing and
restrictions. Murlin’s newmilitary nutrition team set out
to determine the actual intakes and requirements for
young men in training and in garrison.4 The team pro-
duced remarkably detailed energy balance studies

TABLE 7.4 National Academy of Sciences and Committee on
Military Nutrition Research (CMNR) workshops and
reviews.

1984 Cognitive testing methodologies for military nutrition research

1984 Predicting decrements in military performance due to
inadequate nutrition

1986 Ration, Lightweight 30-Dayb (Camp Ethan Allan, Vermont)

1987 Calorie-dense rationsb

1987 Ration, Lightweight 30-Day and Nuclear, Biological, and Chemical

(NBC) nutrient solutionb

1988 Review of nutrition research concepts for the Pennington Biomedical
Research Centerb

1989 Fluid replacement and heat stress

1989 Sodium intake in soldiersb

1989 Military nutrition initiativesb (NAS, Washington DC)

1990 The relationship of soldier body composition to physical
performance

1990 The Long Life Ration Packetb

1991 Nutritional needs in hot environments

1992 Review of three research proposals from the Pennington Biomedical

Research Centerb

1992 Can food components be used to enhance soldier
performance?

1992 A nutritional assessment of US Army Ranger Training Class 11/91a

1993 Not eating enough, overcoming underconsumption of military
operational rations

1993 Review of the results of Nutritional Intervention, Ranger Training

Class 11/92 (Ranger II)a

1994 Nutritional needs in cold and in high-altitude environments

1995 Emerging technologies for nutrition research: assessing
military performance capability

1995 Medical Services Nutrition Allowances, Standards, and Education

(AR 40e25, 1985)b

1995 Review of issues related to iron status in women during US Army

Basic Combat Trainingb

1996 Nutritional sustainment of immune function in the field

1996 Pennington Biomedical Research Center September 1996 Site Visitb

1996 Assessing readiness in military women (BCNH)

1997 Protein requirements for operational environments

1997 Reducing stress fractures in physically active military women
(BCNH)

1998 Antioxidants and oxidative stress in military personnelb

1999 Caffeine for sustainment of mental task performance:
formulations for military operations

1999 Weight management: State of the science and opportunities for
military programs

TABLE 7.4 National Academy of Sciences and Committee on
Military Nutrition Research (CMNR) workshops and
reviews.dcont’d

2000 Dietary Reference Intakes for vitamin C, vitamin E, selenium,
and carotenoids (DRI feds)

2002 High-energy, nutrient-dense emergency relief food product

2003 Metabolic monitoring technologies for military field
applications (Brooks Air Force Base)

2004 Nutrient composition of rations for short-term, high-intensity
combat operations

2005 Mineral dietary requirements for military personnel

2007 Dietary supplement use by military personnel (supported by
TATRC and Samueli Institute)

2010 Nutrition and traumatic brain injury

2011 Dietary Reference Intakes for calcium and vitamin D (DRI feds)

Notes: Unless otherwise annotated in italics, all of the listed reviews involved

workshops with subject matter experts and resulted in books published by the

National Academy Press; BCNH, Body composition, Nutrition, and Health

Committee, cochaired with CMNR; DRI feds, Army nutrition program was a

significant contributor to the federal DRI consortium.
aBrief reports.
bLetter reports.
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based on estimated intakes, food waste, and weight
balanceebased measurements made in 427 Army mes-
ses with 135,000 men.61 Murlin determined that healthy,
young men engaged in high levels of physical activity
sustained a total daily energy expenditure (TDEE)
of 4000 kcal/day, while average soldier requirements
were 3600 kcal/d for an ad libitum diet.61 The findings
are remarkably comparable to values obtained in a sub-
sequent World War II survey of messes, and this value
has again been confirmed in studies using doubly
labeled water.5,62 The value of 4000 kcal/d for male re-
quirements appears to represent a ceiling for sustainable
energy expenditure by men for an extended period of
time (weeks), including Special Forces trainees fed ad
libitum and Ranger course trainees on restricted diets,
for a Physical Activity Level of about 2.25.63,64 This
TDEE has been the basis for an adequate field ration,
including the current MRE (3 meals/day ¼ 4000 kcal).
Values for Military Dietary Reference Allowance that
are more recent recommend 3600 kcal as an upper
bound for men and 2800 kcal for women.65

In a large series of studies across a wide range of mil-
itary activities where men and women had equal partic-
ipation, Hoyt and James DeLany, Ph.D., demonstrated
that TDEE measured using the doubly labeled water
technique is proportionately lower for typically
smaller-bodied women than for men.66 In a review of
body composition, health, and nutrition of military
women, the IOM noted that despite this fact, there was
no “pink ration” to provide a nutritionally balanced,
lower-energy ration for women. However, because of
the IOM review, nutritional information was added to
the individual ration packets to guide women in their
selection of a balanced diet from the entire ration.67

B. Not Eating Enough

Inadequate energy intake by soldiers in the field was
the single most important finding of the many nutrition
studies conducted during World War II, and this obser-
vation has been repeated in nearly every field study
since.5,13,25,26 Generally, it was viewed as a simple prob-
lem of weight loss that could later be easily restored. In
a carefully controlled field study, acute food restriction
for up to 10 days during patrolling activities in the
Panamanian jungle produced weight loss and negative
nitrogen balance but no appreciable performance
decrements.41 However, chronically underfed individ-
uals demonstrate an attenuated work capacity or a
ceiling effect imposed by a limited energy intake.68

Other studies have demonstrated that ensuring an
adequate energy intake supports prolonged high-
intensity work in extreme environments with no
appreciable breakdown of muscle mass or performance
decrements (“overtraining”).69

Analysis of a large series of field feeding studies, us-
ing doubly labeled water measurement of energy
expenditure, demonstrated a typical underconsump-
tion of food energy by approximately one quarter of
measured energy expenditure.5 A 1993 CMNR work-
shop hosted at USARIEM on the theme of “Not Eating
Enough” examined likely explanations for field ration
underconsumption and reviewed data on conse-
quences of underfeeding, including reduced work ca-
pacity, increased susceptibility to infection, and
effects on decision-making.26 The CMNR concluded
that a “food discipline” policy, similar to water
consumption policies, was important to encourage
adequate intakes of both water and energy in the field
and suggested that this is a leadership issue. A range
of ration improvements to improve variety and other
adjustments to feeding policy that might encourage
eating were also made based on the 1995 report.26

C. Physiology of Semistarvation

The Army has well-studied chronic energy deficiency
in healthy individuals, including during Keys’ 1945
Minnesota Starvation Study and in more recent studies
of high-intensity training with deliberate food restric-
tion.9 In the Keys study, young men on an energy-
restricted diet lost 24% of body weight over 24 weeks,
with a controlled refeeding period involving several
different diet groups. In Robert Moore’s 1990 study of
Ranger students, healthy, young males also lost most
of their available fat energy stores, with weight losses
ranging between 15% and 25% over 8 weeks, and lost
sizable amounts of lean mass and strength. However,
as with the Keys study, everyone was fully recovered
within a few months of refeeding.70 This seemingly
remarkable resilience belied a compromised immune
function and increased susceptibility to infection.9,71,72

At the start of his two-volume report on the Minnesota
Starvation Study, Keys noted that inadequate nutrition
and susceptibility to infectious disease was a consistent
outcome of major wars and, specifically, that increasing
incidence and virulence of diseases was related to the
state of undernutrition.9 These data paralleled results
of comprehensive nutritional status monitoring of
postwar German and Japanese civilian populations
(1945e51) that demonstrated continuing weight losses
during protracted periods of restricted food availability,
usually less than 1500 kcal/d/person over several years
in these countries.3 Years later, separate CMNR reviews
of Ranger training,73 inadequate energy intake of sol-
diers,26 nutritional influences on immune function,74

and refeeding refugee populations75 consistently reiter-
ated the conclusion that relatively modest energy sup-
plements could be effective in preserving disease
resistance in high-stress conditions.
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Subsequent field studies to examine antioxidants and
other specific nutrients to boost immune function in
stressful field conditions were unsuccessful in identi-
fying any simple nutrient or vitamin supplementation
shortcut to the effect of energy deficit.76 These data are
meaningful in the context of protection of soldiers in
their worldwide deployments and in the susceptibility
of populations in third world countries facing regional
epidemics. These studies provided a basis for recom-
mendations on the composition of humanitarian rations
following a CMNR symposium cosponsored by the
Army and US Agency for International Development.75

Similar energy deficits of 1000 kcal/d produced
hypogonadism in men and women and increasing risk
of bone loss, in addition to other tissue loss.77e79 Hoyt
described the metabolic differences between fit, young
men and women conducting high-intensity work in
the field for a week with no food and no organized sleep,
highlighting the apparent advantage of estrogen-
enhanced lipid metabolism in preserving lean mass
stores in these conditions of highmetabolic stress.80 Sub-
jective observations in these studies suggest that
women, perhaps because of the better metabolic access
to and utilization of lipid stores, have better physical
and mental endurance, a concept that has been demon-
strated elsewhere when male subjects were provided
with low-dose estrogen.

D. Macronutrition

The macronutrient intakes of soldiers have typically
been about one-third of calories from fat energy, and
the best accepted rations tended to reflect those
preferences.61,62,81 In Murlin’s World War I study, sol-
diers were consuming an average of 485 g of carbohy-
drate, 123 g of fat, and 122 g of protein.61 Murlin noted
that protein was the most expensive part of the diet,
and since muscular work was derived most economi-
cally from carbohydrate and fat, “a relatively small
amount of protein or meat in the diet would be sufficient
for muscular work.”34 However, he was not prepared to
recommend a reduction in the meat intake, which was¾
lb/soldier/day. He noted that “we certainly desire that
the American soldier shall have plenty of ‘punch’ to
his fight, and if a high protein diet will insure this punch,
nobody, I am sure, will grudge him all the meat he feels
like eating.”34 In the first Gulf War, soldiers complained
that the main course of the MRE was unsatisfactory; as
part of the ration improvement plan, the portion size
was promptly doubled from 5 to 8 ounces.82 Thus,
protein composition of US rations has also reflected a
morale factor related to giving soldiers what they
like to eat. The actual protein content of the MRE
has remained at similar levels since the assessment of

average intakes of young male soldiers in World War I
and World War II messes (125 g/d).4,61,62

A recurring concept of nutrition tailored to individual
metabolic profiles has been tested, and the findings typi-
cally demonstrate that human metabolism is more the
same than different, at least in terms of fine-tuning
macronutrient composition between individuals.83,84

Nevertheless, hedonic aspects of food preference may
be quite individualistic, as previously noted by Murlin,
Bean, and many earlier nutrition scientists.

V. TEST AND EVALUATION OF FIELD
RATIONS: NUTRITIONAL

REQUIREMENTS IN EXTREME
ENVIRONMENTS

A. Ration Technology Development

Operational rations were developed for use in the
field when kitchen services were not available. In World
War I, the Trench ration served this purpose (4000 kcal/
d)59; inWorldWar II, a broader range of rations included
the C-ration (3200 kcal/d, limited to 21 days of contin-
uous use), the K-ration (2700 kcal, intended for no
longer than 5 days), and the D-ration (survival use).29

Other special purpose rations were devised for various
environments, such as the mountain and jungle
rations, and unit rations were also created (e.g., 10-in-1
ration, larger field rations intended to feed 10 men
for 1 day).3,29 In the last quarter of the century, the
C-ration was replaced by the MRE, and new versions
of special purpose rations were developed.

Presenting palatable food to soldiers in the field,
where fresh food was not available, has been an
enduring challenge for food technologists.83 Murlin
had already noted in 1918 that “one the most important
factors in the diet for the maintenance of morale is vari-
ety.”4 The food must also have a long shelf life, without
significant loss of nutritional value during storage in
extreme environments; and the packages must with-
stand air delivery and be able to be decontaminated after
chemical, radiological, and biological attack. Due to
technological advances in Army food research and a bet-
ter understanding of underlying biochemical processes,
researchers were able to find a way to biochemically sta-
bilize egg products for packaged rations.83 Other major
advances occurred with the development of the MRE,
especially after the MRE enhancement program
following the first Gulf War and under the leadership
of Gerald Darsch of the Food Engineering Directorate
of Natick Laboratories (Fig. 7.2).82,83 Improvements
included increasing menu diversity and portion sizes
and adding chemical heaters. These changes, along
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with paying attention to soldiers’ tastes in the field, all
contributed to soldiers’ increased acceptability of these
later-generation field rations.20,82,83,85

It must be emphasized that products intended for use
by soldiers must be studied in the relevant environ-
ments with soldiers because the end users will come
up with surprising innovations. As one example, the
addition of small 1/8 oz bottles of hot sauce to the ration
was a welcomed novelty, but shortly after the new ra-
tions circulated, the chief dietician of the Army received
an urgent inquiry about the risk of corneal ulceration
from hot sauce in the eye. Soldiers going through
high-intensity training without access to coffee had
discovered that dripping hot sauce into the eye had a
stimulant effect, and this had become a new trend.

B. Field Ration Studies

Along with food technology improvements, there was
a critical need to ensure that the rations would support
soldier health and performance in field environments.
Not all rations passed this test. Such rations included
the K-ration, which was deficient in energy and vitamins,
yet had already been relied on for extended feeding;
a high-fat, low-carbohydrate pemmican ration that
rendered soldiers ineffective after 3 days of a high-
intensity field training exercise; and the extended use of
rations limited in energy and protein, such as the Ration,
Lightweight.13,86,87 It was vitally important to make these
discoveries prior to fielding a ration for actual mission
use. Robert Ryer summarized at least 15 major field nutri-
tion surveys conducted by the Military Nutrition Lab
(1942e48), including desert feeding; cold weather feeding
in arctic, subarctic, and mountains; evaluation of the B
and E rations; nutritional status in hot tropics in the Pa-
cific; and survival rations in cold weather conditions.3 Re-
sults of these surveys formed the basis for further
research by the Medical Department, with problems
prioritized by “their importance to military operations
and the resources that can be applied to their solution.”3

Conducting physiological studies in the field was not
a trivial task, as discovered by the civilian researchers
called to active duty to solve soldier problems during
World War II. John Youmans, formerly the Chief of the
Nutrition Division in the Office of the Surgeon General,
wrote the most definitive account of wartime soldier and
civilian feeding challenges, research, and solutions. His
account also included important observations on the
parallel strategies of seeking solutions through extra-
mural academic research organized by the Office of Sci-
entific Research and Development and more immediate
solutions that could be obtained through military
research organizations.13 As a member of the latter
group of Army “embedded” field researchers, Bean
summarized lessons learned for an effective Army

field study, factors often not immediately appreciated
by extramural researchers (Table 7.5). Bean had been
involved in some very large ration field studies,
including Operation Topside involving 1000 soldiers in
Pike National Forest in Colorado, where the K-ration,
C-ration, 10-in-1 ration, and Canadian Army Mess Tin
Ration were tested in an 8-week tactical simulation,
with extensive chemistries, fitness tests, clinical evalua-
tions, acceptability testing, and movie documentation.24

In the 1980s, the Army adopted an entirely new
approach to combat field feeding based on newmobility
requirements and new food processing and packaging
technologies. The concept was to provide one to two
hot meals per day with minimal preparation or refriger-
ation requirements; the system was estimated to cut
food-staffing needs in half and to save 2 million gallons
of water and 200,000 gallons of fuel per day.88 As
described earlier in this chapter, the USARIEM nutrition
task force was established to ensure the adequacy of the
newMRE, which was being phased in to replace the pre-
vious generation of C-rations, as part of this new field
feeding system. Marilyn (Teves) Sharp was a research
leader in the largest field nutrition study ever conduct-
ed, the CFFS study. Her study compared body composi-
tion, strength, and aerobic performance in six groups of
soldiers sustained for 44 days in the field on the new
MRE, tray ration, and fresh rations, and it included a
male and female group comparison.88 A preliminary
study had indicated that MREs caused an unacceptable
weight loss. Sharp was able to demonstrate that there
was only a modest reduction, primarily in fat mass,
clearing the way for further development of the new
generation rations.88 This watershed studywas followed
by the establishment of a formal research team within
USARIEM to conduct nutritional studies, including a
long series of field ration evaluations, revisiting issues
raised in World War II research on requirements for
specialized uses and environments.

TABLE 7.5 Lessons learned from World War II field ration
studies.24

• Design the smallest possible research footprint with minimal
interference in military operations

• Evaluate rations in the normalmilitary field activities for which they
were designed

• Gain full buy-in and cooperation of the line and noncommissioned
officers to conduct the studies and obtain their constructive
evaluations

• Conduct operational evaluations as close to combat front lines as
possible

• Isolate test units from outside food contamination
• Prohibit conflicts of interest in testing by vendors and ration

developers
• Design an adequate test duration and sample size
• Have a clear plan for implementation of the results
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C. Hot Weather Rations

Consideration to soldier nutrient requirements in
extreme environments has been an elusive research
goal since the Spanish American war with early con-
cerns about the optimal macronutrient mix to sustain
health and performance in hot, tropical environments.21

However, a key conclusion from World War II studies
was that there was no special food requirement that
could be identified for hot, humid environments.25,29,89

World War II research examined and rejected popular
notions of “tropical deterioration” and the need for a
specifically designed tropical ration.90 Research con-
ducted through the Vietnam era focused on require-
ments for activities in hot, humid jungle environments,
including metabolic acclimation, but still failed to iden-
tify unique feeding requirements or a greater need for
any specific nutrient component.41 C. Frank Consolazio
demonstrated an increasing energy requirement for
hard work in hot weather, ranging as high as 11%
e13%, perhaps due to metabolic cost of sweating and
increased ventilatory rates, but tolerable work rates are
also reduced in very hot conditions.91

Nearly a decade before the start of the 1990 Persian
Gulf War, Roger Hubbard at USARIEM resuscitated
the World War II concept of “water as a tactical
weapon.” He identified problems of factors related to
adequate water intake learned in World War II and
already forgotten.92 Extensive studies during World
War II debunked several myths, including that individ-
uals could readily develop a tolerance to dehydration
and that a person would completely replenish their wa-
ter needs based on thirst alone. This came out of studies
during 1942e45, led by E.F. Adolph and the Rochester
Desert Unit.6,7 These vitally important physiological ad-
vances altered Army policies. Among their many impor-
tant findings was the observation that much of a normal
day’s water loss would be replaced during the con-
sumption of a meal. Men would voluntarily dehydrate
3%e5% and fail to drink enough to replace sweat losses
unless rehydration was enhanced with regular meal
discipline.6,93,94 There was generally no need for salt
supplementation in men with normal food intakes.6,95

Later attempts to water load individuals, a concept pro-
moted by the accounts of T.E. Lawrence and other
desert-experienced soldiers, proved ineffective. A series
of lab studies with a glycerol supplement provided
some total volume expansion but did not appear to pro-
vide a significant advantage for work in the heat.96

Hot weather field feeding was again tested with Ma-
rines working hard in hot, dry desert conditions, and a
main finding was that energy deficits could also be
improved by intake of a carbohydrate drink.97 Similar
benefits to water and energy balance were demonstrated
with a carbohydrate drink at high altitude in a study of
Army engineers building an airstrip in Bolivia.98 A very

careful and detailed USARIEM laboratory study on salt
balance concluded that 4 g NaCl per day, compared to a
normal US intake of 8 g NaCl per day, did not compro-
mise subjects for water balance or other physiological
parameters.99 Researchers also extensively studied min-
eral and water losses from increased sweat rates, and
new data did not suggest a need for any special replace-
ment strategy, other than what would be provided in
existing rations.100

D. Cold Weather Rations

There is a higher energy requirement for individuals
in military operations in cold environments. This was
repeatedly demonstrated in World War II studies, such
as Operation “Musk Ox” and other studies in Alaska
and Canada, and it was confirmed with later studies us-
ing doubly labeled water in troops in Alaska during
tests of the Ration, Cold Weather (RCW), with TDEE be-
tween 4000 and 5000 kcal/d.58,101,102 Between 1986 and
1991, at least six different ration tests in the cold esti-
mated energy requirements in excess of 4000 kcal/d.103

Robert Johnson and Robert Kark demonstrated that
voluntary energy intake in the field was inversely pro-
portional to the ambient temperature.104 There is indeed
an increased energy cost for subjects actually exposed to
cold temperatures to support both shivering and non-
shivering thermogenesis, but soldiers operating in the
cold with adequate cold weather protective clothing
incur increased costs from the difficulty of moving in
snow and as much as an additional 10% cost from the
hobbling effects of cold weather clothing.103,105

Attempts to reduce the bulk and weight of rations, to
satisfy higher energy requirements in cold environ-
ments, have met with limited success. Dehydrated ra-
tions, such as the RCW, provide special challenges in
cold environments where water may be frozen and not
readily available and where hypohydration is already
a problem for soldiers.102,103 Increasing fat content of
the ration has also been challenging.106 There may be a
specific thermogenic benefit from the high fat and pro-
tein in traditional diets of cold-weather dwellers. Native
cold-weather dwellers eat these foods because they are
available in very cold regions, but there is also some ev-
idence of adaptation of native cold dwellers to this diet,
with a metabolic shift to increased heat production.
Nevertheless, high-fat (w70%) diets have not been suc-
cessful in previous soldier feeding studies.107 OneWorld
War II era pemmican study with soldiers left the men
incapacitated by the third day on this diet.86 In 1946,
Operation “Musk Ox,” a United StateseCanadian mech-
anized snowmobile expedition across 3400 miles of
Arctic terrain determined that soldiers consumed more
calories in the cold, and 40% of calories from fat were
accepted. However, along with other surveys of food
intake in cold weather Army posts, there was no
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increased appetite for fat.108,109 In later years, similar
tests of a cold weather field ration in Alaskan troops con-
ducting operations in subzero temperatures confirmed
earlier findings of the adequate nutritional support
provided by several different ration formulations with
35% energy content from fat.103 There is a thermogenic
benefit from frequent eating in a cold environment,
explained by the thermic effect of feeding. The signifi-
cance of macronutrient balance to performance in the
heat and cold appears to be directly related to palat-
ability and total energy intake, but it deserves further
investigation with newer tracer isotope methods and
refined techniques for assessment of outcomes.58e60

E. Continuous Ration Feeding

An important, recurring question is how long health
and performance can be sustained with rations not sup-
plemented with fresh foods. Improvements in packaged
field rations tend to lure leaders into an overreliance on
extended duration ration feeding. This problem was
identified in World War II, and the triservice regulation
on nutrition specifically noted that field rations were
only approved for 10 days of continuous use.29 Johnson
and Kark conducted a comprehensive analysis of World
War II US and Canadian field feeding study results.
They concluded that the field rations were generally
inadequate, especially at the start of the war; that inad-
equate intake of water and food calories sometimes
impaired operational fitness of fighting units; and that
there was an overreliance on packaged rations when bet-
ter methods of feeding were available.25 In the 1990 Gulf
War, reports that soldiers were subsisting on MREs
alone for 6-month periods led to a series of detailed field
studies designed to determine the nutrition adequacy
(and acceptance) of rations eaten continuously for
30 days.87,110,111 Modern day rations were found to be
nutritionally adequate to meet the nutrient requirements
of active soldiers, provided they are consumed to energy
requirements. The consistent challenge was, and always
has been, getting soldiers to eat enough to meet their en-
ergy requirements, due to appetite suppression, preoc-
cupation with the events of a field training exercise,
and palate fatigue with the field ration menus. Even
with inadequate consumption, World War II troops
were generally well nourished, with no significant
vitamin deficiencies detected by the cadre of nutrition-
ally trained physician examiners who were looking for
evidence of deficiency.25,112 It was still surprising that
no biochemical or physical clinical signs of micronu-
trient deficiency were detected in modern day Ranger
students, even with restriction to only one MRE
meal per day (or to combat engineers tested with only
MREs for 30 days). This was because the rations were
so well fortified with nutrients and because the soldiers
began with an excellent nutritional status.70,110,113

F. Limited Use Rations

The special needs of the military for compact, light-
weight rations have been a recurring consideration,
extending back to the hard tack ration used in the Revo-
lutionaryWar. The science behind special purpose rations
for long-range patrols has evolved from the K-ration to
today’s First Strike Ration.114 Survival and emergency ra-
tions are a special class of their own with special life sup-
port characteristics that have not changed a great deal
between World War II and the end of the century.115

Keys originally developed the K-ration, intended as a
pocket-sized emergency ration or “paratrooper ration,”
with off-the-shelf items in a local grocery store that he
put together for a prototype meal and tested with six sol-
diers, who concurred that it might be okay if no other
food was available. Further development resulted in a
ration that provided about 2700 kcal/day, and a limited
3-day test at Fort Benning determined this to be
“adequate.” The Quartermaster Corps liked it because
it was cheaper and easier to manage than the more
expensive specialty rations, like the mountain and
jungle rations, which were swiftly phased out. The K-
ration ended up being used for extended periods of
time and was repeatedly cited as one of the key prob-
lems in deteriorating soldier effectiveness in remote
areas where alternate sources of food were not readily
available and when men refused to eat the ration.3,29

This highlighted another myth identified by World
War II nutrition researchers; it was not true that a hun-
gry soldier will eat anything. The K-ration was phased
out immediately after the end of World War II, in favor
the canned C-ration.

Periodic efforts to provide a compact ration with high
fat have failed because of the gastrointestinal upset and
reduction in soldier effectiveness that comes from this
unaccustomed diet. This was demonstrated in pemmican
feeding studies, such as the Prince Albert trials where sol-
diers had deteriorated to “ineffective” within 3 days on
this diet.86 In contrast to high-fat diets, studies with Spe-
cial Forces soldiers at the PBRC demonstrated a 15%
improvement in endurance march times with carbohy-
drate supplementation during the work.47 Field studies
confirmed the value of increased energy intake, observed
with carbohydrate supplements in food bar and drink
forms with soldiers on patrol and in extreme environ-
ments, such as at altitude and in the cold.98,101

These findings contributed to the design of the First
Strike Ration, which includes high-carbohydrate snacks
that soldiers can eat on the move. Although the ration
does not provide the full amount of energy required, it
was intended to solve the problem of soldiers stripping
MRE rations for a few random items when the volume
and weight was impractical for a patrol mission. A key
difference between this limited energy ration and the
K-ration was that the components of the ration were
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items that soldiers actually asked for, the composition
was nutritionally balanced (except for adequate total en-
ergy), and the items were selected for the convenience of
an eat-as-you-move ration.114,116

From his experience with ration studies in the Pana-
manian jungle and in early Ranger student studies, Her-
man Johnson concluded that restricted-intake rations for
short military missions (<2 weeks) should include at
least 50% of energy requirements, at least 150 g of carbo-
hydrate, 50 g of protein, close to the RDA for vitamins
and minerals, and adequate supplies of water.41,117,118

He also highlighted a major remaining question: psy-
chological stressors of combat affect food intake and
nutritional balance but cannot be quantified because
they cannot be readily simulated.

VI. PERFORMANCE-ENHANCING
RATION COMPONENTS AND TRYING
TO PROTECT SOLDIERS FROM BAD

IDEAS

The NIH leads the nation in the science of nutritional
supplements, and the Office of Dietary Supplements
(ODS) was created as part of the Dietary Supplement
Health and Education Act of 1994 (DSHEA) legislation
to specifically address this topic area. While ODS is
focused on health benefits, it has fallen to the Army to
address claims about performance effects. Nutrition
and dietary supplements offer some promising opportu-
nities to enhance soldier performance, and as the primary
human performance research capability in the federal
government, the Army program serves an important na-
tional role in the investigation of performance-enhancing
nutrition components.119 For healthy, young men and
women who are primary targets of sports supplement
advertising, it has been just as important to protect sol-
diers from harmful dietary supplements as it is to pro-
mote those that are effective.120

A. Supplements

With the emerging discoveries in vitamins and other
nutrients in theWorldWar II era, numerous studies exam-
ined the question of a continuum of effects, where more
might be better, especiallywith some kind of performance
enhancement effect in soldiers. Empirical studies with vi-
tamins, creatine, and even creatine combined with oral
androgens yielded little effect on simple performance
measures.121e125 With greater understanding of mecha-
nisms and testing methodologies by the 1980s, it seemed
that, outside of deficiency conditions, there were actually
few dietary supplements with specific effects on human
physical and mental performance. If this were not
true, human physiology might run amok with every
meal. Nevertheless, there are performance-enhancing

substances in some foods that, especially when concen-
trated beyond normal food composition, provide a per-
formance advantage. A clear example is creatine, well
studied for its benefit to high-intensity exercise. Ingestion
of 20 g/d for several days (each dose equivalent to that
found in several kilograms of red meat) increases muscle
phosphocreatine and supports short-burst glycolytic en-
ergy requirements. In field exercises with US Army
Rangers, this type of enhanced performance provided
no measureable advantage, as the typical limit to soldier
performance is endurance and not explosive strength.126

B. Performance-Enhancing Ration Components

In 1994, all Army research funding was reorganized to
center on defined science and technology objectives
(STOs); one of these first STO initiatives was a multiyear
effort to develop performance-enhancing ration compo-
nents that would demonstrate at least a 15% improve-
ment in militarily relevant performance measures.
Investigating the benefits of creatine was one of the objec-
tives of these field studies, which researchers conducted
on a range of promising components that used practical
delivery methods, such as snack bars and beverages.119

Tyrosine was proven to provide benefits as a rate-
limiting substrate in very high-stress conditions in ani-
mals where brain microdialysis studies indicated dimin-
ished levels of catecholamines.127 The cognitive
performance benefits have been more difficult to demon-
strate in humans because of ethical constraints in creating
very high-stress conditions in which to test the interven-
tion. However, 150 mg/kg of tyrosine in a food bar
improved mood and performance in a human hypother-
mia model, suggesting potential value as a component in
a future “performance under stress” bar.128,129 Soldier
performance benefits could not be proven for other com-
ponents such as choline and creatine.126,130 B vitamins
have been reexamined for mood and performance bene-
fits but seem to provide limited effects. Ultimately, new
Army research data led to incorporating caffeine and
carbohydrate formulations into soldier feeding systems
as proven performance enhancers.

C. Caffeine

Coffee and soldiering has a long history, and the
Army has repeatedly attempted to evaluate its specific
benefits to performance. A research team included
coffee use in a structured interview with soldiers,
following forced marches to Gettysburg in 1863.131 Later
researchers found that caffeine, especially in higher
doses than obtained in a normal cup of coffee
(250 mg), could effectively sustain work performance
in sleep-deprived soldiers in World War II studies, and
this was superior to the effects of amphetamine in
side-by-side studies.132 Findings from a wide range of
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studies in recent decades have repeatedly demonstrated
the benefits of caffeine, including sustained attention
during sentry duty in well-rested soldiers,133 cognitive
performance during high-intensity training,134 and tem-
porary restoration of alertness and cognitive perfor-
mance in sleep deprivation.135,136 Studies in the 1990s
well defined the advantages of high-dose caffeine over
amphetamine and modafinil for most applications,
evincing effects to extend muscular and mental fatigue
limits versus effects largely centered on perception and
motivation.137 Most importantly for soldiers, caffeine
helped to reverse diminishing judgment and decision-
making in sleep-deprived subjects, while amphetamine
appeared to increase the willingness to take risks.138

An important study of the pharmacodynamics of a
caffeinated gum demonstrated 5 min to peak absorption
from oral mucosal absorption and a rapid elimination
period, making this a suitable countermeasure for sleep
inertia in sentry duty and other military settings.139 A
CMNR review of performance effects of caffeine and
on safe upper limits supported Army decisions to field
caffeine gum as part of the First Strike Ration.114,139

D. Carbohydrates

The benefits of carbohydrates during work to extend
performance have been well-described.47,140 In a defini-
tive military study, Special Forces soldiers performed a
study at PBRC that demonstrated a 15% extension of
time to exhaustion.47 A study at altitude with Army engi-
neers building a runway in Bolivia showed a beneficial ef-
fect of a carbohydrate drink to increasing energy intake,
despite the anorexic influences typically seen at altitude.98

Carbohydrate supplements have been shown to be useful
in enhancing or preventing performance decrements in a
variety of military training scenarios, including work at
moderate altitude, load bearing work, and other high-
intensity field training exercises.98,141,142

E. Antioxidants

Antioxidant nutrition could be beneficial in reversing
the biochemical stress observed in high-intensity
military operations, especially in hypoxic environments
such as troops performing at altitude, but near-term
benefits of supplemental antioxidants have been diffi-
cult to demonstrate.143,144 An Army Surgeon General
believed that soldiers were at special risk for greater
than average oxidative stress because of the nature of
military occupations and would derive health benefits
from antioxidant nutrition provided in another shaker
next to the salt and pepper on every table in Army din-
ing facilities. The CMNR was asked to evaluate and
endorse this concept. After considering all available ev-
idence of soldier activities and exposures (e.g., blast
overpressure, toxicological exposures, high work rates,

etc.), the committee recommended there was little
reason to believe that soldiers were typically operating
at levels of oxidative stress sufficient to justify special
supplementation of their intakes.145 This, of course,
does not negate the potential mitigation of long-term
health outcomes by antioxidant nutrition, including
from greater chronic stress exposure in military occupa-
tions. These long-term associations are difficult to test.

F. Mineral/Micronutrients

Most recently, micronutrient deficiencies in the mili-
tary have focused on iron status and vitamin D, primar-
ily for women, and especially after a 1994 change in
military policy on allowing more women in the services.
Through a series of experiments, James McClung, Ph.D.,
led a team that substantially resolved the issues of poor
iron status during initial entry training for women and
provided a solution to reduce stress fracture rates. Iron
status deteriorates during initial entry training, particu-
larly for women, and this affects a wide range of out-
comes related to health and performance.146,147 The
explanation for a progressive deterioration only during
this training phase appears to be related to a stress
response, likely involving activation of hepcidin, which
reduces iron uptake in the gut.148 Voluntary supplemen-
tation with prenatal vitamins high in iron was shown to
improve 2-mile run times in recruits with iron deficiency
anemia by an average drop of 2 min.149

A 1994 randomized controlled study with calcium
and vitamin D supplementation of midshipmen
(women) in Navy basic training demonstrated a marked
reduction in stress fracture rates.150 In a series of studies,
the benefit of a modest vitamin D supplement during
this period of extraordinary bone remodeling was
further characterized, and a supplemental “nighttime
snack” bar was recently developed for recruits that
included supplemental vitamin D.151 The one group
identified as likely deficient in vitamin D by the IOM re-
view of vitamin D and calcium Dietary Reference In-
takes was, in fact, young women of military age.152

VII. BODY COMPOSITION AND
READINESS STANDARDS

A. Body Composition Methodologies
Development

The military has been a pacesetter in body composi-
tion studies and development of methodologies that
have been vital to modern nutrition research. US
Navy divers faced specific problems such as decom-
pression sickness, in which nitrogen is sequestered in
the body if individual diving table calculations are
not correct. Solving this problem in diving medicine
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required new methods in body fat composition anal-
ysis. Modern-day body composition tools came from
these programs. Captain Albert Behnke and his dive
researchers evolved underwater weighing to estimate
the fat compartment, and Commander Nello Pace
developed the body water dilutional techniques as
another approach.14e16 A watershed symposium at
Natick Army Labs in 1959 produced recommendations
for standardized body composition techniques,
including two- and three-compartment models using
underwater weighing and body water determina-
tion.153 Later efforts provided the foundation for air-
displacement plethysmography methods154; four-
compartment model estimates, including estimated
bone content155; andmethods specifically estimating to-
tal nitrogen and muscle mass components, such as K40
in soldiers at Fort Carson.156 Nutritional surveys relied
heavily on anthropometric measures, and these meth-
odologies were substantially advanced in applications
by military researchers, including Behnke and
Consolazio.15,16,157

B. Body Fat Standards

In theWorldWar II era, underweight status was still a
key marker for chronically malnourished and diseased
(e.g., tuberculosis) recruits and a common cause for
rejection. In subsequent years, with improved medicine
and nutrition, the military began to focus on overweight
and obesity for force readiness. Even in the World War II
era, body weight was recognized as an inappropriate ba-
sis to assess obesity and poor military readiness because
it did not distinguish between fat andmuscular, large in-
dividuals. Captain Albert Behnke published observa-
tions from a group of football players, who would
have failed to meet military weight standards of the
time but, in fact, had a high total body density and
were, therefore, very lean and muscular.158 The Marines
adopted a body composition standard using a body fat
estimation method derived from a waist circumference
equation originally developed by Behnke and
Wilmore.16,159 Following a 1980 review of fitness in
the services that were ordered by President Carter, waist
circumferenceebased body fat standards were
mandated for all military members. The current DoD In-
struction directs the services to a common method of
measurement using simple robust male and female
equations developed by the Naval Health Research Cen-
ter.160 Obesity in the services had risen to public atten-
tion, especially following a national commentary by
television newscasters when cameras panned across
the ample potbellies of the honor guardmembers during
a ceremony in Washington DC in the late 1970s (David
Schnakenberg, unpublished observations). The develop-
ment of field expedient assessments came from large

Navy and Army data collection efforts, with cross-
validation of a range of techniques and equations on
each data set.161 Bioelectrical impedance and other tech-
nologically sophisticated techniques were too inconsis-
tent for individual standards testing, and ultimately,
the simplest circumference-based equations developed
by the Navy were determined to be the best.162 Waist
circumferenceebased body fat standards are an impor-
tant part of military readiness standards today, and fail-
ure to meet the standard can result in discharge from the
military.161 Only Japan has a comparable standard
applied across a large population, using mandatory
waist circumferences in men and women over age 50
in an effort to stem the rising tide of type 2 diabetes
and other obesity-related diseases. The evolution and
science of military body composition standards are
reviewed elsewhere.163

C. Soldier Readiness and Weight Management

Once enforceable standards were in place, it became
important to improve methods to assist soldiers in
meeting those body composition standards. A wide
range of garrison feeding studies were conducted,
with research dieticians focusing on food preparation,
food selection, and food consumption in service dining
facilities, including service academies, special opera-
tions soldiers, and regular facilities. This was not a
new emphasis in 1980, as it had been one of the primary
mission objectives of Murlin’s group in World War I and
for each new incarnation of Army nutrition research
since then.33 The main goal has been to adjust Army
master menus to meet the nutritional needs of active,
young men and women. Awide range of dining facility
studies were conducted in the 20th century to ensure
that garrison feeding of soldiers optimized performance
and military readiness.31,164,165 This included efforts
to modify individual soldiers’ food choices in “perfor-
mance nutrition” programs.166

A series of three major efforts led by the PBRC, in
collaboration with USARIEM, focused on monitoring
and managing soldier body composition and fitness.
Although large in scale, each started as seemingly simple
projects that quickly devolved to difficulties that each
highlighted specific challenges of conducting field studies.
This included reorganization of themilitary unit midstudy
(Army Reservists in the 95th RRC), unpredictable massive
deployment of the units under study (units within a major
Army base, Fort Bragg, NC), and unresolvable geographic
mixing of randomized study groups following statewide
response to a natural disaster (the Louisiana Army Na-
tional Guard, randomized by parish).50e52 Despite disrup-
tion of each study, the efforts provided foundational data
for developing future comprehensive and integrated
health readiness programs.
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VIII. CONCLUSIONS

Military nutrition research in the 20th century
applied science to the feeding of soldiers and advanced
science about the metabolic basis of human perfor-
mance. Energy requirements to sustain performance
were defined, with short-term deficits well tolerated,
but long-term deficits compromising soldier perfor-
mance and physiological resilience (e.g., resistance to
infectious disease). A significant finding concerning
metabolism in extreme environments was that soldiers
do not eat enough calories to counteract the heightened
environmental influences of heat, cold, or altitude on
energy expenditures during field operations. Another
significant finding was that rations could be tailored
to individuals and to specific environmental extremes,
but these are related to taste preferences and not

because of differences in metabolic requirements. In
other words, individual metabolism was more the
same than different, and there were no specific differ-
ences in nutrient requirements for performance in a
wide range of extreme environments. Also, few dietary
supplements were actually found to be effective for
soldier performance enhancement, with the notable ex-
ceptions of caffeine, carbohydrates, and tyrosine. The
reestablishment of Army nutrition research in the
1980s is a model of federal government research organi-
zation. It included colocating with the intended users,
the ration developers; leveraging limited resources by
partnering with a very strong academic partner, the
PBRC; accessing authoritative advice on nutrition
research directions and interpretations from the Food
and Nutrition Board; and closely coordinating with
other federal agencies involved in nutrition science.

RESEARCH GAPS

• TDEE of fit young men and women has been well investigated, and further research is not likely to alter the
conclusions derived from a century of work on this topic; however, further resolution of protein requirements
to sustain and increase muscle mass in healthy active individuals is still needed

• There is no basis in science established for “arctic” or “tropical” rations based on anymeasureable differences
in substrate oxidation (i.e., fat and carbohydrate oxidation), but further investigation of strategies to increase
soldier field consumption of carbohydrate energy is needed

• The metabolic and performance advantages of special “performance” diets such as ketogenic diet and
tolerance of such diets are unknown, and the impact of a critical deficiency in carbohydrate intake has not
been well defined

• Other than caffeine and carbohydrate supplements, no specific performance enhancing food components
have been put into practical use (e.g., tyrosine)

• Bioenergetics of individuals within specialized job functions such as Army divers, long-range surveillance
detachments, specialized arctic teams, etc., require further investigation (e.g., relative importance of brown
adipose tissue)

• The interrelationships between field nutrition and sleep affecting immuneehost response have not been
addressed, nor has the distinction between acute phase responses and sustained health and performance in
field operations

• The interaction between sleep and nutrition in effective weight management and metabolic flexibility has not
been addressed for fit and active soldiers

• The neurobiology of food preferences and presentation and the effects on mental status and mood, nutrient
absorption, and gut microbiota bear further research
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FOOD CHOICE AND EATING BEHAVIOR
Alexandra M. Johnstone, PhD

Sylvia Stephen, MSc
The Rowett Institute, University of Aberdeen, Aberdeen, United Kingdom

SUMMARY

Food choice and eating behavior is influenced by a complex array of physiological and psychological
processes. Culture, social surroundings, environmental factors, mood and emotion, and economics have
strong influences over our dietary habits. The food choices we make also have a major impact on our
health. Not all calories are equal, and our food choices have a direct influence on subsequent appetite and
energy balance. For example, diets with a high- energy density can lead to passive overconsumption with
little or no mechanism for defense. Moreover, in an increasingly obesogenic environment, it is extremely
difficult to maintain energy balance. Further research is required to develop an integrated approach
across health and technological disciplines to advance our understanding of the complex issue of food
choice and eating behavior.

Keywords: Appetite; Body composition; Body weight; Energy balance; Food choice; Obesity.

I. INTRODUCTION

A. Background

The study of human eating behavior is undertaken by
researchers in various disciplines including health psy-
chology, business, and medicine. Eating fulfills a biolog-
ical need, but is also a source of pleasure and comfort,
and reflects economic, social, and cultural realities and
perceptions.1 Eating behavior can be thought of as “ac-
tions” or “things we do” and is influenced by both phys-
iology and psychology. Daily food intake choices
influence health, and poor diet choices can lead to an
increased risk of noncommunicable disease (NCD).
NCDs are chronic diseases, deriving from a combination
of genetic, physiological, environmental, and behavioral
factors and include cardiovascular disease, cancers,
chronic respiratory diseases, and diabetes.2

In the developed world, our eating environment de-
livers a plentiful supply of energy-dense and cheap
food, often resulting in overeating relative to require-
ments. Subsequent weight gain means that excess en-
ergy is stored as body fat. Obesity, however, is a
complex issue. In 2007, the United Kingdom (UK) Fore-
sight Report3 described this disease as a “complex web
of societal and biological factors that have, in recent de-
cades, exposed our inherent human vulnerability to
weight gain.” This report produced an obesity system
map, with energy balance at its center, identifying over
100 variables that are thought to directly or indirectly in-
fluence energy balance. The complexity of obesity as a
disease creates both challenges and opportunities! In
this era of novel “big data,” we have access to informa-
tion that can enhance our understanding of the role of
food in medicine and public health arenas.4 For
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example, data on our movement (via Global Positioning
System and smart devices), shopping behavior and loca-
tion, transport on motorways, interaction on social me-
dia, and purchase patterns from in-store loyalty cards
have been shown to offer fruitful research opportunities,
contributing in ways where traditionally sourced research
data perhaps could not. For example, by utilizing both
traditional diet survey data and the “big data” approach
to analyze in-store purchase patterns, a UK collaborative
study between academics and the food sector identified
that the aging UK population fails to consume adequate
protein to maintain muscle strength and function into later
life.5 This type of data can be used to assess how our eating
environment can be adapted to tackle obesity6 by com-
bining both traditional laboratory-based data with novel
biobank data and longitudinal cohort studies for identifi-
cation and prioritizing of future research for societal and
health benefits.

B. Key Issues

Individual differences in food likes and desires
develop throughout the life course because of differing
food experiences and attitudes7 within our cultural ex-
periences. We learn eating as a form of behavior, similar
to physical activity. Over the last 30 years, major theories
have dominated the study of the behavioral and cognitive
aspects of eating style in relation to obesity and weight
control, relating to the influence of dietary restraint, disin-
hibition, emotional eating, and external influences.
Further, the role of nutritional and non-nutritional factors
that influence our eating habits and food choices will be
discussed in the context of influencing energy balance.
The impact of diet composition on appetite is introduced
as a theme, where “all calories are not equal.” Further-
more, the energy density (ED) of the diet, as the amount
of energy per gramof food (kcal/g), can act as a constraint
or enhancer to calorie intake and feeding behavior.
Governments can use policies to apply fiscal or choice-
editing regulation to bias our food choices toward health-
ier and sustainable patterns. We will explore the role of
portion size via plate size or meal size to influence how
much we eat. Also, how do your emotions influence
food choice, do you eat more or less when stressed? Do
you reach for a biscuit when challenged by daily stresses
and hassles? We will explore what is meant by the food
addiction phenomenon and investigate whether there is
evidence to support its existence.

Our brain is considered the “control center” where all
information on food intake is processed. There are many
biological signals related to satiety and regulation of en-
ergy balance that give us information about our nutri-
tional needs or requirements, and the classical
pathways of energostatic and hedonistic physiology

pathways are discussed in relation to influencing food
choice. The satiety cascade is mentioned in the context
as a target for obesity therapydto design foods to feel
fuller for longer and control calorie intake and how
food can influence energy balance through impact on
gut microbiota via the foodegutebrain axis. Finally,
body composition assessment of body stores is
described, since the efficacy of any dietary approach
will be assessed as a change in energy balance. We can
achieve this though body composition assessment to
monitor changes in body stores. The energy cost of
weight gain and weight loss (WL) are also outlined in
the context of energy balance.

II. PSYCHOLOGY OF FOOD
CHOICEdWHY WE EAT WHAT

WE EAT

We can think of eating as a behavior, and behaviors
are actions or things we do.8 The question “why do we
eat?” is simpledpeople engage in eating behavior as a
matter of survival, normally every day. Eating gives us
great pleasure but can be perturbed leading to undernu-
trition, overnutrition, and eating disorders. People
generally make choices about what to eat, when, and
how much to eat, dependent on social, culture, or
habitual aspects of their diet. In the developed world,
food is abundant, cheap, and available in great variety,
which is often linked to overconsumption. Eating is a
fundamentally rewarding behavior, intrinsically linked
with mood and emotiondwe do not just eat for hunger,
but rather it is an enjoyable process linked to emotions
such as boredom, stress, or work routine. Similarly, there
may be times when we do not eat when hungry, due to
lack of financial resources or time. Numerous factors are
known to determine or guide eating behavior in an auto-
matic and implicit fashion,9 which include nutritional
and nonnutritional cues. For instance, eating may be
initiated or prolonged by the presence of others, i.e.,
influenced by social factors.10 Food choices and con-
sumption are also strongly influenced by environmental
factors, e.g., advertising, packaging, portion sizes, light-
ing, and many more.11,12 Therefore, constant monitoring
and self-regulation of eating is necessary in order to eat
healthily, i.e., to provide the body both qualitatively and
quantitatively with nutrients for optimal health. At the
same time, eating healthily also means being able to
enjoy the rewarding aspects of food without falling
prey to a loss of control over eating. In most cases,
obesity is the result of poor dietary habits over a period
of time, rather than extreme compulsive eating bingesd
which contribute to a modest average daily excess of en-
ergy intake (EI) over energy expenditure.13
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We learn about food as we transition through wean-
ing from baby to child to adult,14 and it is argued that in-
fants actually begin life with very few innate taste
preferences and a strong capacity to learn to like new
foods. Birch and Anzman15 identified that in children,
weaning to around 3 years of age is of major importance
for learning about food and developing lifelong prefer-
ences. Associative learning or conditioning occurs
when a positive evaluation of a stimulus arises through
its association with a second, already-liked stimulus.
This is reinforced by “familiarization, referring to the
positive impact of repeated exposure on liking of the
exposed stimulus.” The terms “observational learning”
or “social learning” refer to the natural human inclina-
tion to observe and imitate the behaviors of others
such as mother and peers. For example, the theory and
application of repeated exposure and associative condi-
tioning has been applied to increase vegetable accep-
tance in children.16

Associative learning processes play many important
roles in the control of food consumption. Most of our
likes and dislikes are learned through classical condi-
tioning. In Fig. 8.1, this is summarized as a simple
Pavlovian-style conditioning procedure, where a
response is arranged between two events, with respect
to the subject’s behavior.17 It has been demonstrated
that choices of foods and drinks are achieved by learning
the relative preferences/aversions for foods and drinks
and appetite/satiety for nutrients, regardless of the
source of energy. This is explained by Thibault,18 where
food intake becomes part of a “learned ingestive
response.” We therefore can learn to like and dislike
foods, and with repeated exposure, we can become
familiar with the postingestive consequences of eating
that food/beverage (which can be pleasant or unpleas-
ant). When sensory cues from foods are paired with
prompt nutritional aftereffects of eating (unconditioned
stimuli), conditioned responses of food choice and
intake can be induced.19

A. Restrained Eating Behavior and
Disinhibition

Dietary restraint refers to the tendency to restrict food
intake in order to control body weight. Investigators
commonly use questionnaires such as the Dutch Eating
Behavior Questionnaire21 or the Three-Factor Eating
Inventory22 to classify subjects as restrained eaters. Die-
tary restraint can also be associated with “disinhibition”
and loss of control over eating, resulting in binge eating.
Examples from the literature where dietary restraint can
influence study results include two studies conducted
by Westerterp-Plantenga et al.,23,24 where restrained
women responded to covert manipulations of meals by
failing to compensate for dietary inclusion of the fat
mimetic (olestra) as an energy deficit, lean women
who are not restrained compensated EI by 44%. In addi-
tion, the EIs of restrained women were actually (or were
self-reported as) lower than those of their unrestrained
counterparts.

B. Emotional and External Eating Behavior

The DEBQ and TFEI questionnaires can also identify
the extent to which the external environment and inter-
nal emotional aspects influence food intake. The exter-
nality theory of human obesity was developed by
Schachter in the 1960s,25 where he proposed that obese
subjects are more reactive to external food-related cues
and less sensitive to internal hunger and satiation cues
than lean individuals, for example, walking past a
baker’s shop and buying a nice cake/pastry to eat,
with no prior plan to purchase and consume a snack. In-
ter-individual differences in susceptibility to weight
gain may be due, in part, to variability in responsiveness
to environmental (external) triggers, particularly in an
obesogenic environment. The phenomenon of food
craving (“an irresistible urge to consume a specific
food”), in particular for high-fat foods,26 has been

FIGURE 8.1 Eating as a form of learned behavior through associative conditioning.20
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implicated as an important factor influencing appetite
control. Burton et al.27 identified an association between
food craving and external eating scores among a mixed-
age sample of both males and females. More specifically,
this was in relation to total food cravings and cravings
for high-fat foods, with food craving accounting for
approximately 8%e20% of the variance in BMI. This
area merits further investigation, since the link between
eating behavior(s), externality, and food craving as a risk
factor for obesity is not well understood.

C. Emotionality Theory

Food intake can have a remarkable effect on mood,
and most individuals will have their own food-
associated, mood-related habits, e.g., a cup of coffee to
get going in the morning or eating sweet foods to reduce
anxiety. Emotional states can have major effects on eating
behavior and result in either over eating or under eating.
There have been several reviews of studies concerning
emotional eating in relation to body weight.28 These
studies have almost always dealt with negative emotions
such as depression or fear, comparing obese and normal-
weight subjects, with results indicating relative over-
eating in obese individuals during negative emotional
states. Eating by obese individuals in response to nega-
tive emotions is a learned behavior to reduce the negative
state29 and has been interpreted as psychosomatic. Gel-
iebter and Aversa30 conducted a questionnaire study of
underweight, normal weight, and obese subjects and
also similarly reported that the overweight group ate
more than the other weight groups when experiencing
negative emotions and situations, whereas underweight
individuals reported eating more when experiencing
positive emotions and situations. Most striking was the
undereating by underweight individuals during negative
emotions and situations, which may contribute to their
body weight status. The relationship between mood
and food will continue to be hotly debated at an individ-
ual and population level.

III. NUTRITIONAL INFLUENCES ON
FOOD CHOICE

A cheap and plentiful supply of energy-dense food, in
combination with a sedentary lifestyle, creates an obeso-
genic environment, leading to weight gain. There are
many factors influencing feeding behavior and appetite
control. Food choice is a complex behavior influenced
by biological determinants (such as hunger, appetite,
and taste); economic determinants (such as cost, income,
and availability); physical determinants (such as access,
education, skills, and time); social determinants (such as
culture, family, peers, and meal patterns); psychological

determinants (such as mood, stress, and guilt); and atti-
tudes, beliefs, and knowledge about food. However, indi-
viduals do not always initiate eating due to (learned)
internal physiological symptoms of hunger. It is recog-
nized that psychological and external (environmental)
cues can promote overeating, at least in the short term.
Highly palatable food and snacks can contribute to over-
consumption of calories, particularly through promotion
of hedonic or reward mechanisms. For example, stress
or “daily hassle” has been shown to increase snacking
behavior, particularly for high-fat and high-sugar foods,
whichmay contribute to our “obesogenic environment.”31

A. Diet CompositiondNot All Calories Are
Equal When Influencing Satiety

The dietary macronutrients provide energy as pro-
tein, fat, carbohydrate, and alcohol. It is generally
accepted that diet composition strongly affects ad libi-
tum EI, under laboratory32 and free-living conditions,33

with protein highlighted as the most satiating macronu-
trient.34 Even when ingested at the same level of ED,
protein is the most satiating macronutrient.35,36 Under
these conditions, differences between carbohydrate
and fat are less clear-cut.

Recent findings suggest that an elevated protein intake
seems to play a key role in body-weight management,
through (i) increased satiety related to increased diet-
induced thermogenesis, (ii) its effect on thermogenesis,
(iii) body composition, and (iv) decreased energy effi-
ciency.37 Supported by these mechanisms, a relatively
larger WL and stronger body-weight maintenance there-
after have been observed with protein-enriched diets.
The safety and efficacy of high-protein diets for WL has
been questioned, with Eisenstein et al.38 summarizing
the experimental and epidemiological data. Protein-
induced satiety has been shown acutely, within single
meals that contain between 25% and 81% of energy
from protein, leading to subsequent EI. Protein-induced
satiety has been shown with high protein ad libitum di-
ets, lasting up to 14 days39 and up to 6 months.40

Carbohydrate tends to exert a more acute effect on
satiety than fat.41 The role of carbohydrate in regulation
of appetite and energy balance has attracted attention as
a mediator of short-term appetite42 and has been
reviewed by Mattes et. al.43 Both the type and amount
of carbohydrate consumed influence many ingestive
processes. Hypotheses based on the glycemic index
value of carbohydrate-containing foods suggest that
both low- and high-insulin responses to foods promote
hunger and EI.44

Fat intake and energy balance have been reviewed by
Westerterp-Plantenga.45 A paradox becomes apparent
when considering fat intake and satiety.46 Although the
body appears to generate potent physiological responses
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that are triggered by fat ingestion, many studies have
demonstrated that people who consume high-fat foods
(either through personal choice or in experimental situa-
tions) tend to overconsume energy, termed passive over-
consumption. Rodent studies suggest that fat delivered to
the intestine (duodenum or jejunum) generates potent
satiety signals. On the other hand, exposure to high-fat
foods leads to a form of passive overconsumption that
suggests that fat has a weak effect on satiety (poor full-
ness feedback). When human subjects are given a range
of high-fat foods, they increase their EI and gain weight
compared with subjects eating a medium- or low-fat
diet.47 This may be explained as fat consumed orally
takes some time to reach the intestine, and its negative
feedback action is likely to be diluted by other nutrients.
Fat produces potent oral stimulation (positive feedback)
that facilitates intake; high-fat foods normally have a
high ED, which means that a large amount of fat as en-
ergy can be consumed before fat-induced satiety signals
become operative. The signals are apparently too delayed
to prevent the intake of large amounts of this food.48

B. Energy DensitydThe Amount of Energy Per
Gram of Food

ED is the amount of energy in a particular weight of
food (kJ/g). Dietary ED tends to act as a constraint on
feeding behavior49 influencing satiety or the feeling of
fullness after eating. It is influenced by the moisture con-
tent of food (adding weight with no calories), fiber con-
tent (adding volume with limited calories), and
macronutrient composition, mainly from fat content,
because of its high energy content per gram. One classic
experiment on how ED affects satiety and food intake is
the provision of a soup-based preload before eating,
which reduces EI at the next meal50; interestingly, provi-
sion of a glass of water does not have the same effect on
satiety as incorporating it into food to lower ED,51 which
also suggests a role for viscosity on gut responsiveness.

A diet that is low in ED will induce an energy deficit,
determined by the rate (volume over time) at which low
ED foods can be digested and absorbed. This might be a
useful strategy to achieve WL. One dietary strategy to
decrease ED is to increase the intake of water-rich foods
such as fruit and vegetables, allowing a satisfying
portion size while decreasing EI. Data from clinical trials
suggest that substantial WL can be achieved with this
approach.52 Conversely, if a diet is too high in ED, over-
consumption will tend to occur because the amount of
food people eat tends to be conditioned and there is rela-
tively weak defense against excess EI.53 Consumption of
foods with a high ED may increase the risk of passive
overconsumption and weight gain. As a general rule
then, decreasing the fat content either of individual

foods or the diet as a whole should decrease the ED of
the diet. Studies performed in subjects who were fed a
diet where the ED was varied while maintaining the
macronutrient composition found that subjects ate a
similar weight of food regardless of macronutrient compo-
sition, thus promoting energy overconsumption on diets
with a high ED.54,55 Conversely, several studies have
shown that if the amount of fat in the diet was variedwhile
keeping the ED constant, subjects consumed a similar
weight of food and hence EI remains unchanged.56,57

These studies, however, involved diets that were highly
constructed in terms of macronutrient composition and
ED in order to create dissociations and hence do not reflect
typical population diets. What these studies suggest is that
the overall ED of the diet is strongly influenced by fat con-
tent and is probably a major contributor to total EI.

While many previous studies have focused on the
link between ED and foods, beverages can also make a
significant contribution to the total EI of an individual.
In Australia, beverages contribute to 16.3% of the total
daily EI for all persons.58 In the United States, soft drink
consumption has increased by more than 60% between
1977 and 1998.59

IV. NON NUTRITIONAL INFLUENCES
ON FOOD CHOICE

Research into the effect of nonnutritional influences
on eating behavior has tended to focus on what we eat
(food choice), whereas the physiological or metabolic as-
pects focus on how much we eat (calorie or weight of
food intake). The sensory (odor, texture, taste, appear-
ance) aspects of a food or meal can significantly alter
our choice, at least in the short term. These sensory or
hedonic parameters influence the reward aspects of
eating behavior, and much research focuses on assessing
responses to changing single parameters.

A. PalatabilitydSensory Capacity to Increase
Food Consumption

The palatability of a food can be thought of as its sen-
sory capacity to stimulate ingestion of that food.60 This
definition takes account of the fact that the palatability of
the food is jointly determined by the nature of the food
(odor, taste, texture, and state), the sensory capabilities
and metabolic state of the subject, and the environment
in which the food and subject interacts. Palatability is
therefore not stable. Satiety is said to be sensory specific
in relation to foods because the palatability of a food de-
clines as its ingestion proceeds, while unsampled foods
do not change in perceived pleasantness.61 This has been
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called sensory-specific satiety.62,63 This in turn should pro-
mote subsequent selection of those other foods and so
maintain a variety of foods ingested in a meal. In this
context, it is important to ascertain exactly why the pleas-
antness of a specific food declines as its ingestion proceeds.
The texture of foods can influence palatability and calorie
intake. Both people and rodents can consumemore ad libi-
tum from liquid foods than they can consume in solid
foods. This is related to rate of eating, which is higher
for liquids when compared to semisolids. For example,
eating 500 g of apples takes about 17 min, whereas drink-
ing the equivalent amount of apple juice can be done in
1.5 min.64 A recent US study65 has highlighted that
limiting the intake of ultraprocessed foods could be an
effective strategy for obesity prevention and treatment,
since eliminating ultraprocessed foods from the diet de-
creases EI and results in WL in healthy adults. However,
commercially available foods are largely designed tomaxi-
mize both the sensory and dietary parameters, which in
turn make foods appealing to enhance consumer demand
and repeat sales. This new research highlights that such
foods are likely to promote weight gain. Further knowl-
edge about the importance of palatability and food intake
in the long term and how to alter food processing to maxi-
mize palatability of food duringWL is likely to be a future
research area.

B. Sensory VarietydWe Are Offered More We
Eat More

In summary, short-term studies (within-day) have
indicated that increasing sensory variety leads to an in-
crease in food intake.63 It has been shown that increased
variety of foods made available either sequentially or
simultaneously increases very short-term food intake
(i.e., within a meal).63,66e68 Spiegel and Stellar67 have
shown this to be the case in both lean and overweight
women. They also found that simultaneous increases
in the variety of foods offered elevates intake as
compared to sequential increases in the variety of foods
offered in a single meal. Rolls has reported that the
greater the dissimilarity between different foods, the
greater the variety-stimulating effect on the short-term
intake of foods.68 This is explained by the phenomenon,
”sensory-specific satiety.” Sensory specific satiation refers
to the decline in reward value during consumption of a
food because of repeated exposure to a particular sensory
signal. This can be simply described as increased
boredom with the taste of a particular product.

It has also been shown by Blundell’s group that com-
binations of sensory attributes associated with mixtures
of fat and sugar can have a large effect on EI at a specific
feeding episode.69 This suggests that increases in EI will

be promoted by the combination of sensory attributes of
foods. More food is often consumed in the presence of
other people, a phenomenon known as “social facilita-
tion of energy intake,”70 a feature of social eating.

One long-term study conducted over a week71

assessed increasing the variety of nutritionally very
similar but sensorially distinct foods available ad libi-
tum in lean and overweight men. Offering 5, 10, or 15
food items per day led to a significant increase in food
and EI in the lean men. These data indicate that
increasing the variety of sensorially distinct but nutri-
tionally similar foods increased food intake. This had a
potent effect on EI and energy balance because subjects
actively increased the amount of food they ingested in
response to the variety offered. It is not clear if this effect
would be maintained over a more prolonged period of
time (weeks or months).

C. Portion SizedPlate Size or Meal Size to
Influence How Much We Eat

Since the 1970s, the portion size of commercially avail-
able foods and beverages has increased, a trend observed
in a variety of settings including restaurants, supermar-
kets, and also in the home environment.53 Laboratory-
based studies examining single-meal eating episodes
have suggested that increased portion size promotes
increased EI. There is a clear relationship between
amount served and amount consumed, even when par-
ticipants serve themselves. The “bottomless soup bowl
experiment,” where subjects received tomato soup
with a hidden self-filling tube, consumed 73% more
soup (113 kcal), compared to when refilled by a server.72

Other studies suggest this effect persists for up to
4 days,73 but this would have to be sustained over an
extended period of time to contribute to weight gain.
Studies in a more natural environment, such as a
cafeteria-style restaurant or workplace, have also indi-
cated that increasing the size of a meal portion by 50%
increases intake with no apparent compensatory reduc-
tion in intake, even when studied for a month.74 Self-
reports of food intake also suggest poor regulation
with increased portion size.75 One study reports men
and women eating 19.4 MJ extra (a 16% increase in EI)
over an 11-day period when provided with larger por-
tions, which would equate to a 0.5 kg weight gain.76

This feature of modern eating behavior has, in partic-
ular, been the focus of media attention with “supersize”
portions being blamed for the rise in obesity in children
and adults. Roughly, 41% of Americans report
consuming three or more commercially prepared meals
a week in 1999e2000.77 The ready availability and low
cost of large portions of energy-dense foods can

Section A. Lifestage Nutrition and Maintaining Health

8. ENERGY BALANCE: IMPACT OF PHYSIOLOGY AND PSYCHOLOGY ON FOOD CHOICE AND EATING BEHAVIOR148



contribute to a positive energy balance over a prolonged
period. However, the data do not prove that portion size
plays a role in etiology of obesity, and there is little evi-
dence that decreasing portion size is acceptable or effec-
tive for weight control. Smaller-portion controlled foods
or marketing of foods for “dieting” is not straightfor-
ward, since consumers equate large portions with
good value and small portions with feeling deprived.
Improving consumer awareness about nutritional infor-
mation at point-of-sale and incentives for the food in-
dustry to offer a variety of portions is likely to be
future incentives considered by policy makers to control
food provision within the “obesogenic” eating
environment.

D. StressdDo You Eat More or Less When
Stressed?

There is evidence to suggest that the majority of peo-
ple tend to change their eating behavior when they
believe themselves to be stressed, with an estimated
80% of people altering their caloric intake either by
increasing or decreasing their consumption.78 The direc-
tion of change of calorie intake is highly dependent on
eating behavior profile and personality phenotype. For
example, it is well documented that individuals who
are “restrained” in their eating behavior are more sus-
ceptible to stress-induced eating and have been shown
to be more susceptible to the deleterious effects of stress
on eating behavior (overeating). Dietary restraint can
also be associated with ‘disinhibition” and loss of con-
trol over eating resulting in binge eating. Zellner
et al.79 reported that 71% of those woman who reported
increasing their food intake when stressed were catego-
rized as restrained eaters, compared to only 35% of those
who did not alter their eating behavior, or reduced their
food intake, in response to stress. Zellner’s study was
based on a self-report questionnaire of eating behavior
when stressed, and, as such, it is not possible to conclude
what manner of stressor people were considering when
responding. Wallis and Hetherington80 also found evi-
dence that highly restrained individuals increased their
snacking after ego-threatening stressors compared to
unrestrained individuals.

E. Food AddictiondDoes This Phenomenon
Exist?

We hear a lot about “food addiction” in the popular
media, and we use the word “addiction” very casually
to describe our relationships with a wide range of
everyday activities. Are people really addicted to choco-
late, sugar, or mobile phone use in the same way that

they can become physically addicted to nicotine or her-
oin? Furthermore, since weight gain, body fat accumula-
tion, and obesity are driven by the over consumption of
calories relative to energy expenditure, if food addiction
does exist, is it responsible for, or a major contributor to,
the current obesity epidemic?

There are a number of different definitions of addic-
tion. Until recently, the medically established diagnosis
of addiction was limited to substance-related disorders
only, with the disorder defined as a chronic relapsing
brain disease. The phenomena of “food craving” and
“food addiction” are not well researched, and indeed
many researchers would question their existence.81

Food craving is “an irresistible urge to consume a spe-
cific food,” in particular linked to high-sugar and high-
fat foods. Humans who overeat do not generally target
specific nutrients, but rather a range of palatable foods.
Consequently, food addiction cannot be diagnosed ac-
cording to any set of criteria that have general medical
or psychological recognition. Based on current knowl-
edge, the term food addiction appears inappropriate.
By contrast, disorders of eating behavior can resemble
the addictive, behavioral patterns observed in substance
dependency. Currently, the greatest clinical similarity
between an abnormal food consumption behavior and
drug addiction exists in binge-eating disorder, an eating
disorder characterized by binge eating without subse-
quent purging episodes and which is prevalent within
the obese, human population. Food ingestion is satis-
fying if we are hungry and palatable food is appealing
to us and rewarding because it activates specific parts
of the brain, naturally triggering signals in the opioid
and dopamine systems. No single food substance or spe-
cific neurobiological mechanism can account for the fact
that many people overeat and develop obesity. As in
many aspects of everyday life, our relationships with
food fall along a continuum, with eating disorders at
extreme ends. In contrast, it is the gradual accumulation
of excess body weight over prolonged periods of time,
years, or decades that characterizes the development
of overweight and obesity. It is almost certainly inappro-
priate to invoke food addiction or eating addiction in
this context.

This areamerits further investigation, since the link be-
tween eating behavior(s) and food craving or addiction as
a risk factor for obesity is not well known or recognized.
The neuropsychology of food reward and food choice
and the links between the appetite regulatory network,
eating behavior, and food preference are not understood.
Future research will likely focus on brain neuroanatomy
and interactions with food to challenge whether food is
indeed “addictive” and to investigate the pathways
involved in the “rewarding” aspects of food and whether
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this experience can be replicated in healthier food prod-
uct alternatives, to control body weight.

V. PHYSIOLOGY INFLUENCING FOOD
CHOICE

While the influence of psychology in eating behavior
is important, it is not the only influence by any means.
Physiology also plays an important and influential role
in individuals’ eating behavior. Food intake is regulated
by two complementary drives: the homeostatic and he-
donic pathways. The energostatic or homeostatic
pathway controls energy balance by increasing the moti-
vation to eat following depletion of energy stores. Feed-
back is more potent during negative energy balance than
during positive energy balance (which is why it is easy
to gain weight but difficult to lose weight). In contrast,
hedonic or reward-based regulation can override the ho-
meostatic pathway during periods of relative energy
abundance by increasing the desire to consume foods
that are highly palatable. In summary, we also eat for
pleasure, not just to provide energy.

Energostatic pathwaysdConsidered broadly, energy
homeostasis consists of the interrelated processes inte-
grated by the brain to maintain energy stores at appro-
priate levels. When food is ingested, physiological and
psychological responses are induced, which depend on
its energy and macronutrient content and structure.
The macronutrient composition determines the caloric
content, digestibility, and the rate of passage of a meal
through the gastrointestinal tract (GIT) (the gut) and
strongly influences the secretion of peptide hormones
from the gut. These hormones, in turn, feedback on
brain centers that control eating behavior, metabolism,
and energy utilization. During meal processing, the
gut secretes a number of newly identified hormones
that signal to the brain to suppress future food intake.
Physiological changes, such as gut peptide concentra-
tions, are related to appetite ratings or food intake and
can be used as biomarkers of appetite. The regulation
of appetite is, however, complex, and it is not surprising
that multiple control systems exist.82

The brain connected to the central nervous system
(CNS) is seen as the traditional “control center” for
body weight; it has the elaborate task of interpreting
continuous information provided to it by neural net-
works and chemical messengers with respect to the
body’s energy state. The brain uses this information to
initiate an appropriate reaction to maintain homeostasis.
These signals vary throughout time, and the responses
alter depending on what type of food has been ingested.
The gut becomes responsible for generating the majority
of inputs communicated to the CNS regarding the

content and size of a meal, thus establishing a complex
bidirectional communication system, referred to as the
gutebrain axis.83,84

Hedonic pathwaysdEating is essential for survival and
is underpinned by the fundamental physiological need
to consume energy. However, people often consume in
excess of the basic nutrient and energy requirement
needed to maintain physiological homeostasis, particu-
larly when there is an abundance of readily available
food and drink. Eating is more often than not controlled
by external cues and stimuli, the time of the day, and so-
cial factors, rather the need to replenish energy stores
(we eat for pleasuredhedonic influence). The modern
environment is replete with food-associated cues that
encourage eating in the absence of metabolic demands.
“Cues” refer to external, environmental cues, such as
the sight and smell of particular foods, or locations
where certain foods are procured.

It is worthy to note that Blundell and Finlayson have
developed understanding and assessment techniques
for quantifying “liking” and “wanting” of foods. Liking
is the hedonic evaluation (pleasantness, appreciation) of
tasting a particular food, whereas wanting refers to the
desire to actually ingest a particular food. Wanting has
a much more direct effect on food intake than liking.85

This is incorporated into Fig. 8.2. This figure shows sche-
matic overview of the variety of inputs (biological sig-
nals or triggers) linked with hedonic stimulation or
satiety. The hedonic signals (activation of dopamine,
cannabinoids, or opiods) tend to encourage consump-
tion.86 There can also be external triggers to the percep-
tion of hedonics or the reward factor of the food or
beverage, stimulated from the visual or olfactory cues.
These cues will also feed into the satiety signals (namely
the gut hormones such as cholecystokinin [CCK] or
GLP), which in turn can influence the neuropeptide
expression (such as NPY, AgPR, MSH). This is not a sim-
ple system, rather a highly complex one.

Satiety cascadedBlundell proposed the satiety cascade
nearly 30 years ago87 to provide a conceptual framework
for examining the impacts of foods on satiation (pro-
cesses that bring an eating episode to an end) and satiety
(processes that inhibit further eating in the postprandial
period). This is shown in Fig. 8.387 and has been updated
to include emerging evidence on the role of meal timing
as an influence on appetite and energy balance. As a
general rule, signals arising in the periphery that influ-
ence food intake and energy expenditure can be parti-
tioned into two broad categories:

• One comprises the signals generated during meals
that cause satiation (i.e., feelings of fullness that
contribute to the decision to stop eating)

• And/or satiety (i.e., prolongation of the interval until
hunger or a drive to eat reappears).
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FIGURE 8.2 Energostatic and homeostatic influence on eating, showing the relationship between triggers for consumption and signals for
satiety and the interaction between hedonic and homeostatic systems in the brain. CCK is cholecystokinin; GLP-1 is glucagon-like peptide-1; PYY
is peptide tyrosine.

FIGURE 8.3 The satiety cascade describes a series of behavioral and physiological events that occur following food intake and that inhibit
further eating until the return of hunger signals. (Adapted from Blundell et al., 2010).20
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Satiety is another motivational construct and typi-
cally is used to refer to “a state of inhibition of eating.”
Simply, this can be considered as the intermeal interval.
This is mainly influenced by physiological postprandial
and CNS effects. For example, early post ingestive
events include gastric distension and emptying and
release of hormones followed by postabsorptive events,
including mechanisms arising from the action of
glucose, fats, and amino acids after absorption across
the intestine into the bloodstream and interactions
with the CNS. After a meal, we do not eat for a period
of time and this reflects satiety. Satiation is defined as
“the process leading to the termination of an episode
of eating.” This describes the process of meal termina-
tion or stopping eating and may be expressed as a
feeling of fullness. Meal termination is affected by psycho-
logical events and behavior, as well as an early cephalic
phase response. These are the sensory perceptions gener-
ated by smell, taste, temperature, and texture that inhibit
eating in the short term. Cognitive beliefs that we hold
about food may inhibit eating in the short term.

The foodegutebrain axis is detailed in Fig. 8.4. The
gutebrain axis is comprised of various neurohumoral
components that allow the gut and brain to communicate

with each other in a bidirectional manner. Communication
occurs within this axis via may routes including local,
paracrine, and/or endocrine mechanisms, involving a va-
riety of gut-derived peptides produced from enteroendo-
crine cells including glucagon-like peptide 1, CCK, and
peptide YY3�36. Neural networks, such as the enteric ner-
vous system and vagus nerve, also convey information
within the gutebrain axis. Emerging evidence suggests
the human gut microbiota, a complex ecosystem residing
in GIT, may influence the brain through several interde-
pendent pathways, including the fermentation of short-
chain fatty acids (SCFA), and behavior modifications,
including controlling satiety and influencing energy bal-
ance. Some recent publications have eloquently described
the gutebrain axis, in the context of food intake, where the
gut is considered as a “second brain” and the gut micro-
biota are key conduit for health.88,89

VI. BODY COMPOSITION
ASSESSMENT OF BODY STORES

In its extreme forms, obesity is easily recognized. Sig-
nificant excess weight is readily visible, and most adults

FIGURE 8.4 Foodegutebrain axis shows that food and dietary components interact with the gastrointestinal tract, which in turn signals to the
brain in a complex network.
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can identify the difference between a highly trained and
muscular athlete and a person who is obese, where excess
weight is dominated by body fat. The specific measure-
ment of body composition requires more sophisticated
measures of the body stores. At a minimum, the body is
considered to be composed of two compartments, fat
mass (FM) and fat-free mass (FFM). FM is relatively ho-
mogeneous, but the FFM component includes bone min-
eral, protein, water, glycogen, and other minor
constituents. Analysis of a limited number of cadavers
has shown that these principal body constituents exist
in relatively constant proportions and, through the mea-
surement of one ormore of these components, the compo-
sition of the whole body may be inferred (Table 8.1).90

Multicompartment models are commonly used for
research purposes and have been described in detail
elsewhere.91 In brief, a three-compartment model usu-
ally combines measures of total body water with densi-
tometry to estimate water, fat, and dry, fat-free tissue,
while a four-compartment model extends this analysis
to include bone mineral, usually measured by dual en-
ergy X-ray absorptiometry, to give bone, water, fat, and
soft, dry, fat-free tissue.92 Different body composition
techniques have their advantages and disadvantages
with respect to simplicity, precision, and accuracy.93 Cor-
rect interpretation of the changes in body composition
requires understanding of the limitations of the tech-
niques employed. For example, Wells et al.94 examined
the propagation of methodological errors on estimations
of fat and FFM and concluded that the four-component
model estimates FM and FFM (or protein, as TBW and
body mineral mass are already accounted) to within
�0.54 kg. Elia95 also suggested, in a review of body
composition analysis using various component models,
that body fat and protein can be estimated to within
0.5 � 0.75 kg using the four-component model.

A. Body Composition Assessment of Energy
Balance

Excess fat accumulates in response to a prolonged
period in which EI exceeds energy expenditure and treat-
ing obesity requires this situation to be reversed. There is
an ongoing debate as to the relative importance of intake
and expenditure in the etiology of obesity. At a popula-
tion level, it is likely that both are important, while the er-
ror in the measurement of intake and expenditure at an
individual level precludes specific conclusions in the ma-
jority of cases. Nonetheless, an understanding of dietary
intake and energy expenditure is important in under-
standing the etiology of obesity and helps to establish a
personalized approach to weight management.

Successful WL strategies aim to optimize fat mass
loss and minimize lean tissue loss. Prevention of the
excessive loss of lean body mass (LBM) is desirable
because this can assist in attenuating the counterpro-
ductive decline in resting metabolism associated with
WL. Reducing body fat by diet and exercise can
improve the health and quality of life of patients, as
well as lowering mortality and morbidity risk.96 Moni-
toring body weight (mass) reduction alone does not
allow changes in body composition (fat, protein,
bone, and water) to be assessed and thus the suitability
of the regime to be determined. In a research environment,
the composition of WL is usually obtained from a two-
compartment model, with changes in FFM and FM
measured by air displacement plethysmography (Bod
Pod) or bioimpedance (BIA). Because FFM consists of
water, protein, and mineral, any change in one of these
compartments will affect the estimate of FFM. The
four-compartment model assumes that body weight is
equal to the sum of FM and FFM, where FFM is
composed of water, protein, and minerals. Total mineral
is the sum of osseous mineral and cell mineral.92

TABLE 8.1 Reference man’s body composition with individual components and density
(from Snyder et al. 1974).

Component Density (g/ml) Reference body %

Water 0.9937 62.4

Protein 1.34 16.4

Mineral (osseous) 3.038 5.9

Mineral (non-osseous) 3.317 4.8

Fat 0.9007 15.3

Fat-free mass 1.100 84.7

Total reference body 1.064 100
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Osseous mineral is derived from the measurement of
bone mineral ash, and cell mineral is considered as a
constant ratio of bone ash. After correcting for water
and mineral content at 36�C, data from the DEXA are
used to correct for bone content; body density is used
to calculate the proportion of FM and FFM. Finally, the
TBW data can be used to calculate the proportion of pro-
tein in FFM. Water, protein, and mineral are summed to
yield FFM. This model has been described in detail.90

The density of FM and FFM is assumed as 1.34 kg/l
and 0.9 kg/L, respectively.90 Protein and FM are calcu-
lated indirectly from body density calculation. First, the
contribution of water and mineral is subtracted from
body weight and body volume, and then the residual
values are used to estimate the combined density of pro-
tein and fat. The model does not consider glycogen sepa-
rately; this is primarily included in the protein estimation.

B. Energy Cost ofWeight Gain andWeight Loss

It has been suggested that the energy content of WL is
approximately 3500 kcal or 32.2 MJ/kg per pound of
body weight (relative to requirements). Work by Hall
et al., 2011, challenges this approach as being too
simplistic and leading to an overestimation of WL,
based on extreme WL modeling.97 This value assumes
exclusive loss of adipose tissue consisting of 87% fat,95

which is oversimplified, since there is likely to be loss
of LBM during energy deficit (and influenced by degree
of obesity, diet composition, physical activity level, rate,
and duration of WL). The metabolizable energy den-
sities of body glycogen, protein, and fat are 17.6, 19.7,
and 39.5 MJ kg�1, respectively, where loss of body water
results in a significant mass change but contributes
nothing to the metabolizable energy content. The energy
content per kg change of body fat is 39$5 MJ and 7$6 MJ
for a kg of lean mass when working with a two-
compartment model of body composition (such as air
displacement plethysmography).

Hall et al.97 propose a dynamic mathematical
modeling approach whereby calorie deficits can be
calculated over a prolonged period of time, and they
propose an approximate and alternative rule of thumb
that for an average overweight adult, a change in EI of
100 KJ per day could lead to an eventual bodyweight
change of about 1 kg (equivalent to 10 kcal/d per 1 lb
of weight change), with half of the weight change being
achieved in about 1 year and 95% over 3 years.

C. Weight Change in Response to Overfeeding

The classical studies of Bouchard et al.98 are worthy
of mention. These researchers undertook very well-
controlled studies to determine whether there are true
differences in the responses among individuals to

long-term overfeeding and to assess the possibility
that genotypes are involved in such differences. In
response to 84 days of 1000 kcal day�1 of overfeeding,
12 pairs of monozygotic twins gained on average
8.1 kg, but the range was from 4.3 to 13.3 kg. However,
the similarity within each twin pair in response to over-
feeding was significant with respect to body weight
gain, percentage of fat, and total FM with about three
times more variance among pairs than within pairs.
The Quebec group have more attempted to identify
predictors of body composition and body energy
changes in response to overfeeding.99 They highlight
that prior to overfeeding FFM, muscle oxidative enzyme
activities, VO2 max, low androgenicity, and high levels of
leptin appear to be biomarkers of more favorable body
composition changes and less body energy gains in
response to a fixed amount of excess calories. The similar-
ity in the adaptation to long-term overfeeding within the
pairs of twins clearly indicated that genetic factors are
involved in the partitioning between fat and lean mass
deposition and in determining the energy expenditure
response.

Additional factors affecting the energy cost of tissue
deposition was the body composition of the subjects
under study. The energy cost of weight gain is higher
in the obese than in the lean. It has been observed
that, during weight gain, thin individuals gain propor-
tionately more lean tissue; obese individuals gain pro-
portionately more adipose tissue.100,101 Since the
energy required to gain a gram of adipose tissue is
about six times greater than for lean tissue, it is actually
energetically costlier for the obese to gain weight. Under
conditions of a positive EB, it is pertinent to consider
the patterns of tissue storage and the energetic cost of
weight gain, since it is often claimed by the obese that
the energy cost of weight gain may be less for the
lean compared to the obese; when excess energy is
ingested, thin individuals gain proportionately more
lean tissue, whereas obese individuals gain proportion-
ately more adipose tissue. Per gram of tissue gained,
the energy cost for adipose tissue gain is about six times
greater than for lean tissue. Thus per unit of weight gain,
it is actually energetically more costly for the obese to
gain weight (Forbes et al.).102,103

To examine this concept more closely, it is necessary to
consider the composition of specific tissues. The adipose
tissue content of reference man comprises 80% fat
(mainly triglyceride), 15% water, and 5% protein as wet
tissue.102,103 The gross energy content of fat (adipose
tissue triglyceride) is 39.9 kJ/g and for average meat
protein is 23.6 kJ/g104. The energy content of adipose
tissue should therefore be [(0.8 � 39.9) þ
(0.15 � 0) þ (0.05 � 23.6)] ¼ 33.1 kJ/g. For subjects of
BMI 20e25, Forbes has estimated the ratio of LBM to
FM gained or lost to be 39% LBM and 61% FM.103,105
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Given the composition of adipose tissue, this would
approximate to 25% lean tissue and 75% adipose tissue,
for reference man.90 Therefore, the energy content of
weight gain would amount to approximately 29 MJ/kg.
When calculating the energy cost of weight gain, consid-
eration has to be given not only to the energy content of
weight gain but also to the energy costs associated with
assimilating and maintaining that tissue. Forbes, using
data from his own and other overfeeding studies in pre-
dominantly lean males, performed regression analysis of
excess energy ingested against weight gain. He deter-
mined that the energy cost of weight gain was 33.7 kJ/g
from these analyses. Because obese individuals gain
proportionately more fat, this figure is likely to be
higher.101,103

VII. CONCLUSION

Although consumers search for the “magic bullet”
approach for fast and safe WL diet for weight control,
these do not exist! This chapter has outlined why we
have not solved the obesity epidemic. Namely, the com-
plex systems in the human body, including physiology,
psychology, and behavior of humans, identifymany path-
ways to influence food choice and eating behavior.
Furthermore, a one-diet approach does not fit all people!
We do not have current knowledge to be able to direct
nutrition advice for an individual, but this will likely
come in the future, whereby a detailed assessment of psy-
chology and physiology will indicate what dietary ap-
proaches will work best for which type of people.

RESEARCH GAPSdFUTURE PERSPECTIVES

Research gaps in energy balance

• Gut microbiota influence on energy balancedThere is now compelling evidence of a direct bidirectional cross
talk between the brain and the gut, pinpointing they have a reciprocal influence on each other’s physiology and
(dys)function. Diet is a major modulator of gutemicrobiota profile and the metabolites they produce, thus
dietary modification can impact on health. The role of the gut microbiota to influence EI and energy
expenditure and understanding the role of individual dietary components to support precision or personalized
nutrition (e.g., effect of dietary fiber to influence SCFA production) will continue to be a hot topic in years to
come.

• Functional food to support appetite across the life coursedWith an aging population, dietary approaches to
promote health and independence later in life are needed. In part, this can be achieved bymaintainingmuscle
mass and strength as people age. Functional foods can offer an additional health benefit beyond the nutrition.
New evidence suggests that current dietary recommendations for protein intake may be insufficient to
achieve this goal and that individuals might benefit by increasing their intake and frequency of consumption
of high-quality protein. More research is needed to explore how to build consumer awareness about the
importance of sufficient protein intake for healthy aging.

• Sustainable and healthy plant protein to support healthdExploring alternative protein sources and
transitioning toward more sustainable, plant-based diets has been a recent research priority. The high
proportion of animal protein consumption in developed countries raises both health and environmental
concerns. Dietary patterns characterized by a high intake of animal protein have been associated with
increased risk of obesity, diabetes, cardiovascular disease mortality, and some cancers. Animal protein
consumption requires large areas of dedicated land, water, nitrogen, and fossil energy for production and
transportation. It is still unclear whether plant proteins affect appetite in the sameway as animal proteins and
whether they compromise subsequent EI.

• Chrononutrition (role of circadian rhythms and timing of eating)dIt is now becoming apparent that not only
what we eat but also when eat can influence body weight and appetite control. This may be due to circadian
rhythms or a behavioral response to eating. For example, consuming more calories in the morning (big
breakfast) and less in the evening (small dinner) may lead to greater feeling of fullness throughout the day
and higher levels of physical activity. Thus, the timing of eating and fasting and the translation of results from
preclinical trials into humans will be an exciting development.
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SUMMARY

It may at times seem like we are searching for a cure for obesity with a magic diet, evidenced by past fad
diets and the current attraction to low-carbohydrate diets and ketogenic diets. This chapter discusses the
biologic basis of our eating behaviors and the biologic basis of health improvement with weight loss. With
this understanding, we discuss the behavioral change approaches that can be used to navigate the modern
food environment and lose enough weight to improve health. First, we review the evidence base for life-
style intervention with a purpose of understanding the push by all professional societies to implement
intensive behavioral therapy for obesity. The chapter discusses calorie targets and calorie deficits, episodic
fasting, mindfulness, and the emergence of electronic self-monitoring tools. All of these approaches are
based on our understanding of the biology of food intake. But weight loss is only the beginning; the hard
part of losing weight for most patients with obesity is weight loss maintenance, and we discuss the
important shift in focus to maintain lost weight, along with promising methods to achieve this goal.

Keywords: Adaptive thermogenesis; Calorie deficits; Calorie targets; Eating behavior; Episodic fasting; Food
intake biology; Intensive behavioral therapy for obesity; Lifestyle intervention; Metabolic adaptation;
Mindfulness; Self-monitoring; Weight loss maintenance.

I. INTRODUCTION AND
BACKGROUND

Malnutrition comes in the form of undernutrition and
obesity. Since the United States first documented the rise
in rates of obesity and overweight in the late 1980s,1 the
prevalence of obesity in adults has steadily climbed. This
rising prevalence has been noted across the world as the
leading nutritional problem in high-income countries.2

More recently, obesity has become a significant public
health burden in low- and middle-income countries.2

The most recent (2016e17) US obesity rates determined
by measurement of height and weight of a representative

sample of United States adults showed that 39.8% of adults
have a BMI>30 kg/m2.2,3 This represents an increase from
14.5% in the measurements taken in 1976e80,3 meaning
that the prevalence of obesity has nearly tripled in
35 years.1,3 This epidemic has spawned enormous interest
by public health authorities, health care providers, and
from people affected by overweight and obesity.

The approach to losing weight has been largely a self-
help enterprise; in a survey, 82% of 3008 US adults with
obesity reported that they felt “completely responsible”
for their weight loss.4 This survey also asked those per-
sons with obesity and 606 health care providers in the
United States whether they endorsed different weight
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loss treatment approaches as “completely effective” and
the results are shown in Fig. 9.1.4

While health care providers generally rated efficacy
higher, a minority (39%) of persons with obesity
endorsed visits to a dietitian or nutritionist as efficacious
and even fewer (33%) endorsed lifestyle counseling for
efficacy.4 It should be noted that patients and providers
were even more skeptical of efficacy of medical interven-
tions.4 As is also shown in Fig. 9.1, persons with obesity
and health care providers value the efficacy of “Healthy
Eating” over a specific diet and also endorse the efficacy
of generally being more active over a specific exercise
program.4 While self-monitoring is a key element of
behavioral approaches to weight loss, the minority of
people with obesity value tracking of food and physical
activity and only a bare majority of health care providers
value these proven tools.4 This survey demonstrates that
persons with obesity and many health care providers do
not have realistic views of weight loss and are uniformed
about evidence-based weight loss principles.

The vast majority of US adults with obesity report a
desire to weigh less.5 The commercial weight loss indus-
try in the United States is estimated to be $70.3 billion
annually (https://blog.marketresearch.com/2018-outlook-
strong-for-the-u.s.-weight-loss-market).

It is obvious that individuals with overweight and
obesity are struggling to lose weight and to sustain
weight loss. All too often, weight loss is sought through
Internet searches yielding supplement advertisements
and fad approaches for which there is no evidence of
weight loss efficacy and safety. Further, even though
there are some commercial weight loss program that
provide evidence of successful weight loss and weight
loss maintenance,6 these programs are challenged by
high attrition rates and lack of long-term efficacy.

Given this background, there is a need to understand
why effective weight loss approaches have been so
challenging for persons with overweight and obesity,
and to identify strategies that have proven efficacy. In
this chapter, we will begin by reviewing the biology
of eating behaviors and body weight regulation,
discuss the current state of the art in achieving and sus-
taining effective weight loss, discuss the biologic-based
approaches to supporting changes in eating behaviors,
and then review emerging effective strategies to main-
taining lost weight.

A. Biology of Eating Behaviors and Body
Weight Regulation

The traditional way that energy balance has been
conceptualized is as a simple equation whereby if more
energy is consumed than is expended, then the excess
energy will be stored as body fat. This simplistic para-
digm, while true, implies that one can reduce food intake
with “willpower” and belies the biologic basis of food
intake and the complexity of body weight regulation.

We provide a brief discussion below and refer our
readers to excellent recent reviews in this area.7,8
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FIGURE 9.1 Overvaluation of general improvement in diet and physical activity and undervaluation of specific therapies: proportion of
persons with obesity and health care providers who reported treatment is “completely effective.”4 Adapted from Kaplan LM, Golden A, Jinnett K

et al. Perceptions of barriers to effective obesity care: results from the national ACTION study. Obesity. 2018;26, 61e69.

Patients and providers are overvaluing a gener-
alized approach to healthy eating and physical
activity, while at the same time undervaluing
behavioral intervention for weight management.
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B. Homeostatic System of Food Intake
Regulation

The chief “hunger hormone” is ghrelin,9 which is pro-
duced by the stomach. High ghrelin levels occur before
food intake and ghrelin falls after feeding. After ingestion
of food, stretch receptors in the stomach signal fullness
through the vagus nerve.10 When nutrients enter the
small intestine, a series of hormones are released
including GLP-1, PYY, and oxyntomodulin; these hor-
mones signal satiety.8,10 When nutrients are absorbed,
amylin, insulin, and pancreatic polypeptide are released
from the pancreas, which signal the brain to reduce
food intake. This gutebrain axis regulates the homeostat-
ic intake of foods and generally occurs in three cycles
(breakfast, lunch, and dinner) throughout the day. The
chief areas of the brain involved in homeostatic regulation
are the hypothalamus, corticolimbic system, and
hindbrain.8,10 It has been proposed that genetic and epige-
netic alterations of gut signaling mechanisms contribute
to obesity via alterations in homeostatic regulation.8

C. Reward System of Hedonic Food Intake
Regulation

The reward system consists of brain circuitry includ-
ing cortical and subcortical brain areas that receive
external cues and recall rewarding aspects of food, and
involving cognition, and executive functions. Hedonic
controls interact with homeostatic controls to regulate
body weight.8,10 In the modern environment, increased

exposure to energy-dense foods of high hedonic value
and increased exposure to food cues may contribute to
increased food intake8,10 Further, stress-induced over-
eating can be seen as a disorder of the reward system.11

D. Habit-Driven Food Intake

In modern life, most eating episodes have become
disconnected from the procurement and preparation of
food. This mindless and habit-driven food intake poses
a challenge to the homeostatic control of food intake.
Watching television or movies, text messaging, and
playing computer games result in impaired cognition
and memory of a meal and increases snacking later.
This suggests that mindful experience of a meal may
be needed to produce adequate satiation.10

E. Leptin and Regulation of Energy Stores

Leptin is a hormone produced by body fat; leptin levels
correspond to body fat; and individuals with obesity have
high leptin levels. When leptin levels fall, energy is con-
served by reduction in resting energy expenditure and
increase in food intake. Thus, leptin serves as a modulator
of chronic food intake and energy expenditure status.12

The leptin regulatory system seems to be more sensitive
to reductions in leptin to produce increased food intake
and reduced resting energy expenditure.8,10,12

It is crucial to understand the role of leptin in the
metabolic adaptation (reduction in energy expenditure
greater than would be predicted for loss of active meta-
bolic mass) that follows weight loss if one is to under-
stand the challenges of long-term weight loss
maintenance. With weight loss, there is a reduction in
resting energy expenditure that is disproportionate to
the amount of reduction in lean body mass.13 The meta-
bolic adaptation is thought to be closely related to the
degree of leptin reduction.14 This is subject to individual
variation with some individuals displaying greater or
lesser reduction in energy expenditure with a given
amount of weight loss. However, this is also a “spring-
loaded model.“15 The greater the weight loss, the greater
the metabolic adaptation and therefore the greater the
reduction in resting energy expenditure.16 Thus, it may
be easier for individuals to maintain lesser reductions
in body weight than larger reductions in body weight.17

F. Biologic and Metabolic Adaptations to
Weight Loss

Body fat is defended by normal physiology. Both sides
of the energy balance equation are affected by weight
reduction.

Food intake is biologically regulated. The
homeostatic system of food intake regulation is
driven by neural and hormonal signals in a
“gutebrain axis” informing the brain of hunger
to initiate food intake; other signals, both
hormonal and neural, that occur after food is
ingested or nutrients are absorbed signal the
brain that food intake has occurred and the
process of satiety and cessation of food intake
begins. Another food intake regulatory system,
the reward system, occurs when we see or smell
food cues that we recognize as having high
hedonic value. The rewarding aspects of food
can override the homeostatic system and we
can eat foods of high hedonic value, even
when we have satiated our hunger. In addition,
habit and lack of mindfulness may contribute to
increase in food intake.
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A seminal study describing the effect of weight loss on
gut hormone responses (which drive hunger and satiety)
and on leptin changes was conducted by Sumithran
et al.18 The results of this study are summarized in
Fig. 9.2. There were 50 subjects with overweight and
obesity who entered a metabolic unit and received a
veryelow-energy diet for 10 weeks. The mean weight
loss was 14%. The subjects were allowed to be free-
living but were counseled to support weight loss mainte-
nance. At week 62 (1 year out of the unit), weight regain
was 5% on average and individuals were reduced by
8% from baseline. Weight loss at 10 weeks resulted in sta-
tistically significant hormonal changes in response to a
test mealdreductions in leptin, PYY, CCK, insulin, and
amylin and to statistically significant increases in levels
of ghrelin. Subjective appetite was also measured by vi-
sual analog scales. In response to the test meal, there
were significant increases in subjective appetite and
desire to eat. Even at 62 weeks, there were significant dif-
ferences from baseline including leptin, PYY, CCK, insu-
lin, and ghrelin as well as hunger ratings. The
reductions in leptin levels were disproportionate to the
amount of weight loss. At 14% loss, there was a 65%
reduction in leptin and at 8% weight loss, leptin was still
reduced 35% from baseline. These changes indicate that

patients who successfully lose weight through low-
calorie diets experience many biologic changes including
increased hunger, reduced satiety, and reduction in
resting energy expenditure. Thus, reduced patients have
a “double whammy”; they have changes in appetite regu-
lation and energy expenditure that favor weight regain.

G. Biology of Weight Loss Benefits

Weight loss beginning at just 3% can produce im-
provements in glycemia and triglycerides.19 Modest
weight loss (5%e10%) improves glycemia, blood pres-
sure, lipids, need for medications, mobility, and quality
of life.20 Of course, larger weight loss produces greater
benefits. Further, more substantial weight loss is needed
to improve some weight-related complications, such
as obstructive sleep apnea and nonalcoholic steatotic
hepatitis.20 Additionally, organs respond differently to
different amounts of weight loss.20

Weight loss of just 5% has been shown to maximize
liver and adipose tissue insulin sensitivity, accounting
for the power of modest weight loss to impact diabetes
prevention in patients with prediabetes.21 The message
to weight counselors is that our weight loss goals
should be aligned with the amount of weight loss
needed to produce health improvement. For patients

Body weight reduction induces hormonal chan-
ges that occur when body weight is reduced,
which drives increased hunger, decreased satiety,
and reduction in resting energy expenditure.
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FIGURE 9.2 Weight reduction produces changes in regulatory hormones and measurable changes in appetite. Patients were reduced in a
metabolic unit over 10 weeks by, on average, �14%. Allowed to be free-living for a year, but with continued counseling, they regained to �8%
below baseline. At week 10, leptin was reduced by 65% and at week 62 by 35%. In response to a test meal, there were measurable decreases in
satiety hormones (decreased) and ghrelin (increased) at week 10 and at week 62. Visual analog scale measurements of appetite showed increased
hunger and desire for food at both 10 and 62 weeks. Adapted from Sumithran P et al. N Engl J Med. 2011;365:1597e1604.

It is not necessary for patients to achieve an
ideal body weight or even a body mass index
(BMI) 30 kg/m2 to achieve health benefits.
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with early metabolic complications of obesity, modest
weight losses may produce dramatic risk reduction,
especially in terms of diabetes progression. Remem-
bering that metabolic adaptation is a spring-loaded
model, more moderate amounts of weight loss will be
easier to maintain over the long term as they will not
be challenged by the extreme metabolic adaptation
that occurs with extreme weight loss.

Furthermore, diet is not only about weight. Diet qual-
ity needs to be kept in mind. All Americans have been
recommended to consume a dietary pattern that empha-
sizes intake of vegetables, fruits, and whole grains;
includes low-fat dairy products, poultry, fish, legumes,
nontropical vegetable oils, and nuts; and limits intake
of sodium, sweets, sugar-sweetened beverages, and
red meats.22 Additionally, the only randomized clinical
trial evaluating cardiovascular events as outcomes
favored a Mediterranean diet approach.23

II. CURRENT STATE OF THE ART
AND BEST PRACTICES IN ACHIEVING

AND SUSTAINING WEIGHT LOSS
THROUGH LIFESTYLE

MODIFICATION

The current US Preventive Services Task Force
(USPSTF) recommendations24 for weight management
provide a strong endorsement for weight management
for persons with BMI >30 kg/m2 and, in particular, for
primary health care providers to use intensive behavioral
therapy approaches to achieve and sustain weight loss.
In these recommendations, intensive behavioral therapy
is intended to be comprehensive, that is addressing be-
haviors around both food intake and PA. Further, the
recommendations prescribe that the behavioral therapy
be delivered in 14e16 sessions over the first 6 months
and that therapy should be continued for at least
1 year.25 These endorsements rest primarily on several
large, long-term studies of lifestyle intervention for
weight loss, primarily Diabetes Prevention Program
(DPP),26e28 Look AHEAD,29,30 and Weight Loss Mainte-
nance (WLM).31 In Table 9.1, we describe the food intake
and PA behaviors that were utilized in the three studies,
along with the weight loss outcomes.

A. Learnings From Large Randomized Clinical
Trials Demonstrating Weight Reduction
Over The Long Term

Lifestyle interventions, such as those described above
(DPP, Look AHEAD, and WLM) in which participants
are taught to reduce their caloric intake and increase PA
levels to achieve a negative energy balance, typically pro-
duce average weight losses of 5e10 kg in obese adults.32

Weight losses of this magnitude generally results in signif-
icant improvements in a number of cardiovascular risk
factors including hypertension,33 glucose intolerance,34

and hyperlipidemia,35 aswell as psychologicalwell-being.36

Programs that advocate greater calorie restriction and
more intense strategies for behavior change have
yielded better compliance and greater weight loss,37

and the amount of weight lost is generally associated
with greater satisfaction by participants.38 Similarly,
lifestyle interventions have been shown to delay or
prevent diabetes in individuals with screen detected
prediabetes in several landmark diabetes prevention
trials,39 including DPP illustrated above. Most random-
ized controlled trials have found that lifestyle interven-
tions slow the progression from impaired glucose
tolerance to diabetes by 30%e60% across a broad range
of racial groups.39 A good example of this long-term
intensive approach for lifestyle behavior modification
is the DPP,26e28 which is now offered at a low cost in
YMCAs across the country.40

B. Long-Term Weight Loss Maintenance and
The National Weight Control Registry

The large-scale studies described above suggest that
some individuals who lose 10% or more of their body
weight are able to keep it off for several years. For
example, the Look AHEAD (Action in Health for Dia-
betes) study, a clinical trial testing the effects of a lifestyle
intervention in more than 5,000 adults with type 2 dia-
betes, found that 42% of the 887 participants who lost at
least 10% of their body weight at Year 1 maintained a
10% or greater weight loss over 4 years.41

As discussed earlier, a multitude of factors appear to
increase the difficulty of achieving long-term weight
loss. A number of compensatory mechanisms occur
following calorie restriction and weight loss, including
reductions in metabolic rate combined with neuroendo-
crine signals to increase food intake and decrease energy
expenditure, to promote weight regain until the
defended body weight is reached.13e15 Moreover, a com-
plex interaction of physiological, environmental, and
psychological factors makes the maintenance of lost
weight difficult to achieve. Many internal and external

A dietary approach that focuses on eating behav-
iors to limit caloric intake and favors high diet
quality would seem to be ideal for producing
both short- and long-term weight loss.
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TABLE 9.1 Food intake and physical activity behavioral approaches in three influential lifestyle intervention trials.

DPP26e28 Look AHEAD29,30 WLM31

Baseline description of
lifestyle intervention
participants

1079 participants with
impaired glucose tolerance;
mean age 50.6 years;
mean BMI 33.6 kg/m2

2570 participants with type
2 diabetes;
mean age 58.6 years;
mean BMI 36.3 kg/m2

(women) and 35.3 kg/m2

(men)

1685 participants,
aged � 25, overweight or
obese (BMI ¼ 25e45 kg/m2)
and on medications for
hypertension and or
dyslipidemia

Goal 7% weight loss 10% weight loss Weight loss � 4 kg

Weight loss achieved Year 1 weight loss 7.2%
Year 2 weight loss 5.8%
Year 3 weight loss 4.5%

Year 1 weight loss 8.6%
Year 4 weight loss 6.15%

69% of all participants who
started the program lost
� 4 kg by the end of Phase 1

Diet quality Reduce total dietary fat
to <25% of calories; if weight
loss was not achieved by
lowering fat, calorie goals
were introduced

�30% total calories from fat
(with �10% total calories
from saturated fat) and
�15% total calories from
protein
Liquid meal replacements
(provided free of charge)
and frozen food entrees and
structured meal plans
(conventional foods) for
those who declined the meal
replacements

Encourage to follow DASH
eating pattern (high-fiber
and low-fat diet) during
Phase 1; participants
provided with caloric intake
goals based on personal
need during Phase 2

Physical activity Engage in and maintain
moderate-intensity activity,
such as brisk walking, for at
least 150 min per week

Home-based exercise with
gradual progression to goal
of 175 min of moderate-
intensity physical activity
per week

180 min per week of
moderate physical activity
during Phase 1; increased
moderate-intensity physical
activity an average of at
least 45 min per day � 5
times each week (i.e.,
> 225 min per week) during
Phase 2

Curriculum 16-Lessons in 6 months,
covering diet, exercise, and
behavior modification;
taught individually, face-to-
face; then monthly individual
and group sessions;
toolbox approach

Based on DPP; 24 sessions in
6 months; taught in 3 group
and 1 individual sessions
per month; after 6 months, 2
group and 1 individual
sessions for 1 year;
toolbox approach from DPP

Phase 1: 20 weekly group
sessions, designed to be
participant centered and
interactive, approximately
one and a half to 2 hours
with 18e25 participants per
group

Behavioral techniques Self-monitoring of weight,
dietary intake, and physical
activity;
Regular meal pattern;
Eating slowly;
Stimulus control;
Label reading;
Contingency planning.

Self-monitoring of weight,
dietary intake, and physical
activity;
Regular meal pattern;
Eating slowly;
Stimulus control;
Label reading;
Contingency planning
Orlistat optional after
6 months

Self-monitoring of behavior,
skill development,
individual specific behavior
change plans, goal setting

Health benefits
associated with the
intervention

Diabetes prevention: 58%
reduction in progression
from impaired glucose
tolerance to type 2 diabetes
after about 3 years.

After 9.5 years no difference
in cardiovascular event rate;
improved biomarkers of
glucose and lipid control,
less sleep apnea, lower liver
fat, less depression,
improved insulin
sensitivity, less urinary
incontinence, less kidney
disease, reduced need of
diabetes medications,
maintenance of physical
mobility, improved quality
of life, and lower costs.189

After 30 months of the
personal contact
maintenance intervention,
continuation for another
30 months provided no
additional benefit. However,
across the entire study,
weight loss was slightly
greater in those originally
assigned to personal contact
intervention as compared to
self-directed control
participants.190
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cues (in addition to hunger) may prompt an orientation
toward certain foods and an increased desire to eat.42

Moreover, compared to lean individuals, overweight in-
dividuals have been reported to have a stronger prefer-
ence for energy-dense foods.42

As a consequence of this unfriendly combination of
factors, most individuals experience some regain of
weight during the postdieting period. This weight
regain typically occurs during a time when there are
fewer reinforcements to maintain adherence to lifestyle
changes initiated during treatment. Thus, the individual
may perceive there to be greater behavioral “cost” to
continued dietary restriction and/or PA and less “bene-
fits” in terms of weight loss.

There are, however, some individuals who have been
successful in maintaining large weight losses (>30 lbs)
over 10 years. These individuals are part of the National
Weight Control Registry (NWCR), which was founded in
1993 to identify successful weight loss maintainers
and describe strategies they use to achieve and maintain
weight loss.43,44 Thomas and colleagues (2014) reported
long-term weight losses in this highly select group of
individuals.45

Although some weight regain occurred over time,
these individuals were able to maintain 74% of their
initial weight loss at 10 years, and 88% of them had
maintained a 10% weight loss at Year 10. Noteworthy,
the individuals who had larger initial weight losses at
entry into the NWCR maintained larger weight losses
throughout the entire follow-up period.

Given that individuals in the NWCR represent only a
minority of Americans, an important question to ask is
what behaviors these individuals engage in to achieve
such impressive long-term weight losses.

A noteworthy limitation is that the behavioral factors
were examined only at the 1 year follow-up, rather than
annually, which would have provided more information
on the connection between behavioral changes and
weight trajectories. Nevertheless, such findings indicate
that long-termweight lossmaintenance is possible but re-
quires sustained behavior change.45 As noted above, sus-
taining these behaviors is difficult for the vast majority of
individuals in the current obesogenic environment.

C. National Recommendations and Guidelines

The impact of the US prevalence of overweight and
obesity on disease burden and health care costs de-
mands that public health policy address prevention
and remediation of excess body weight. The demonstra-
tion of health benefits with 3%e10% weight loss
described above has been an incentive for the USPSTF
to endorse behavioral intervention for weight manage-
ment.24 The Center for Medicare and Medicaid Services
(CMMS) has endorsed reimbursement for “intensive
behavioral therapy for obesity.”25

The current evidence-based Obesity Guidelines19

endorse advising individuals “who would benefit from
weight loss to participate for >6 months in a compre-
hensive lifestyle program that assists participants
in adhering to a lower calorie diet and in increasing
physical activity through the use of behavioral strate-
gies” with preference given to “on site, high intensity
(i.e., >14 sessions in 6 months) comprehensive weight
loss interventions provided in individual or group
sessions by a trained interventionist.” Further,
these guidelines recommend that providers “advise
overweight and obese individuals who have lost weight
to participate long-term (at least 1 year) in a compre-
hensive weight loss maintenance program.” These
recommendations are “GradeA (strong)” and are echoed
by the USPSTF24 and the CMMS.25

III. EATING BEHAVIORS TO
PRODUCE WEIGHT LOSS

A. Calorie Targets, Deficits, Points, and
Exchanges

Lifestyle interventions for weight loss represent the
first line of intervention in the treatment of obesity.48

The behavioral component of most interventions typi-
cally includes group sessions and some individual coun-
seling. During these sessions, the interventionist will
provide specific and individualized dietary information
to help the participant adhere to the low-calorie regimen
andmeet his/her calorie target. Prior to lifestyle interven-
tions, estimated energy needs may be calculated either
through indirect calorimetry to determine resting meta-
bolic rate (RMR) or through established equations. For
example, Kevin Hall’s energy balance models49 have
been incorporated into the NIDDK Body Weight
Planner49 to determine participants’ individual baseline
energy requirements, their energy intake targets, and
the expected rate of weight loss. Specifically, the NIDDK
BodyWeight Planner provides a graph (Fig. 9.3) and data
output that depicts individual participant’s expected rate
of weight loss. This model considers that interindividual

In most studies, the members of the NWCR
reported high levels of physical activity (PA)
(approximately 2000 kcal expended per week),
low calorie and fat intake, high levels of dietary
restraint, and low levels of disinhibition.45e47 In
addition, most participants reported weighing
themselves several times a week.46
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variability in weight loss from the same intervention can
be due to differences in initial body composition as well
as uncertainly in baseline energy expenditure.49

Weight loss typically occurs during the first 6 months
of treatment, although participants are usually encour-
aged to lose weight for as long as possible. The targeted
goals typically entail a low-calorie eating pattern (i.e., a
calorie deficit of 500e1000 kcal/day below steady state)
coupled with increases in moderate-intensity PA (e.g.,
walking for 30 min/day) to produce a weight loss of
approximately 1e2 pounds per week. Dietary intake is
frequently adjusted at 3 and 6 months, as deemed
appropriate by the lifestyle interventionists, to account
for the weight loss, and subsequent reduction in meta-
bolic rate, to keep the calorie deficit constant.

The intervention approach is typically tailored to the
needs of the individual participant, with specific
nutritional and behavioral strategies selected from an
intervention “toolbox.” Example dietary strategies
include increasing dietary fiber, modifying recipes to
decrease energy density, adding novel foods to relieve
boredom, strategies to avoid impulse eating, obtaining
desired foods through home delivery or take-home
meals, and developing strategies to limit caloric intake
in public settings such as restaurants, parties, and
work. In terms of macronutrient intake, most individ-
uals find it easier to follow nutritionally “balanced”
dietary regimens compared to those that are very low
with respect to either carbohydrates or fats.50

Dietary Exchanges, based on the American Dietetic
Association (ADA) Exchange System, are another tools
that have been used to help participants adhere to their
calorie targets with the corresponding number of ADA
exchanges/day adjusted for the specific diet. The
exchange system affords the participant the most flexi-
bility in diet planning once the concept is learned. The
meal plans can be followed exactly to achieve the targets
and enable the participant to reinforce the exchange
concept. These types of exchanges and/or points
systems have also been successfully used to produce

clinically meaningful weight loss in many commercial
weight loss programs.6

Successful attempts to modify eating behavior to pro-
duce weight loss typically utilize empirically supported
behavioral skills including self-monitoring (which ad-
dresses mindfulness and habit-driven food intake), envi-
ronmental control (which reduces food cues to reward
eating), eating regular meals and contingency manage-
ment (to avoid excessive hunger from the homeostatic
system of food intake regulation) and skills training in
slowing eating rate, increasing oral processing and other
behaviors such as encouraging low energy density foods
(to allow the satiety hormones time to act), use of meal re-
placements (MRs) (to provide fixed energy, portion-
controlled option to facilitate dietary adherence),51 and
increasing social support through skills training or
recruitment of participants with friends/family.52,53

In Table 9.2, we describe empirically supported beha-
vioral strategies and provide examples of how these
strategies could be used in weight loss interventions to
enhance adherence levels.

The strategies described above have been shown to
enhance both short-term and long-term weight loss.
Adherence levels unfortunately decline in most in-
dividuals over time, even with strong behavioral skills
training and support. Thus, there is a need to explore
alternative or complementary approaches that may
facilitate adherence and complement traditional lifestyle
interventions to make long-term behavior change more
sustainable. In the sections below, we describe a few
promising complementary and alternative approaches.

B. Episodic Fasting

One alternative dietary approach that may produce
similar biological changes as caloric restriction that has
received increasing interest from the scientific commu-
nity is Intermittent Fasting.54 In contrast to traditional
caloric restriction paradigms, food is not consumed dur-
ing designated fasting time periods but is typically not
restricted during designated eating time periods. The
length of the fasting time period can also vary but is
frequently 12 or more continuous hours. There are
many types of intermittent fasting approaches, but the
two most popular and well-studies approaches are alter-
nate day fasting (ADF) or alternate day modified fasting
(ADMF) and time-restricted feeding (TRF).

Alternate day or ADMF involves consuming no or
very little food on fasting days and then alternating
with a day of unrestricted food intake or a “feast” day.
In a recent review by Anton and colleagues,55 ADF and/
or ADMF produced significant reductions in body
weight and fat mass in 10 of the 10 eligible trials. In 9
of the 10 trials, an ADMF approach was used. In 3 of
the 10 trials, there was also a significant loss of fat-free

FIGURE 9.3 NIDDK weight graph with zone of adherence.
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TABLE 9.2 Strategies for increasing adherence to treatment.

Strategy Description Examples Supportive citations

Extended care Providing long-term contact
individually or by group, either in-
person, by phone, or via the Internet

Providing biweekly or monthly
follow-up sessions

Ross Middleton, Patidar, and Perri191

Perri et al.192

Skills training Specific training in problem-solving
skills or relapse prevention

Training participants how to
address barriers that interfere
with treatment adherence, such as
time constraints

Witkiewitz and Marlatt193; Perri
et al.194; Baum, Clark, and Sandler195

Social support Increasing social support through
skills training or recruitment of
participants with friends/family

Recruiting participants with their
friends and family; conducting
group-based interventions rather
than individual-based
interventions

Wing and Jeffery53

Treatment tailoring Making flexible treatment
recommendations that can be tailored
to individual preferences and
schedule

Allowing individuals to choose
their own methods of physical
activity and allowing multiple
short bouts of physical activity
rather than requiring long bouts

Jakicic et al.196

Perri et al.197

Self-monitoring Having participants keep records of
their adherence behaviors

Having participants weight
themselves daily to assess weight
loss maintenance

Butryn et al.46

Multicomponent strategies Combining multiple strategies to
promote long-term adherence

Providing biweekly or monthly
follow-up, group-based sessions
that focus on skills training and
continued self-monitoring

Perri, Sears, and Clark198; Perri et al.199

Ongoing feedback Providing feedback to participants on
how they are doing or how they could
improve

Providing weekly or monthly
communication in which
feedback is given, along with
potential strategies that may help
the participant adapt/adjust

Cook200; Sherrington et al.201

Stimulus control Stimulus control strategies alter an
individual’s environment to
maximize healthy choices

Having participant’s
manipulating their environment
to adhere to behavior, such as
moving unhealthy foods out of
the house or setting notes on
fridge to exercise

Kelley et al.202

Cognitive restructuring Help participants identify and alter
stress-inducing thought/s

Training that allows participant to
shift negative thoughts that
interfere with treatment to more
positive

Foreyt and Poston203

Problem solving Train participants on the process of
finding solutions to challenging
obstacles

Allow participants to define the
problem, identify the causes, and
formulate solutions to overcome
barriers of adherence

Murawski et al.204; Perri et al.194

Relapse prevention Providing training to prevent and
manage relapse in participants

Training participants in how to
prevent and cope with relapse

Witkiewitz andMarlat193; Perri et al.194

Baum, Clark, and Sandler195

Mindful eating An individual maintaining a neutral
(nonjudgmental) awareness of one’s
physical and emotional sensations
while earing or in a food-related
environment.

Training participants to be more
aware of their bodies cues, satiety,
hunger, and also external cues
related to the eating environment

Dunn et al.56

Framson et al.205

Slowing of eating rate Having participants slow down the
process of eating by extending the
time of mastication (chewing) of food

Having participants increase the
number of mastication cycles
before swallowing of food

Hollis206

Hurst and Fukuda207

Shah et al.208
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mass (FFM), with the amount of FFM lost being greatest
in the only trial that used an ADF approach. TRF inter-
ventions, a popular type of intermittent fasting where
individuals engage in daily fasts between 14 and 18 h,
have also been found to produce significant reductions
in body fat without significant loss of lean tissue in
middle-age and younger individuals.55

C. Mindfulness, Slowing the Rate of Food
Intake, and Increasing Oral Processing Time

Another approach that has the potential to enhance
long-term weight loss is mindful eating, which refers to
“maintaining a non-judgmental awareness of [one’s]
physical and emotional sensations while eating or in a
food-related environment.” The approaches used to teach
mindful eating through intervention include acceptance-
based behavioral therapy, meditation, mindfulness-based
stress reduction, and group mindful eating. Participants
are typically taught to be more aware of their bodies,
hunger, and satiety, as well as recognize external cues
to eat and have self-compassion. Participants are also
encouraged to exercise and change eating habits to be
consistent with a healthy lifestyle.

The finding of a recent review by Dunn and col-
leagues supports the inclusion of mindful eating as a
strategy to promote long-term weight loss.56 All 12
studies included in this review reported modest weight
losses when mindful eating strategies were used. Note-
worthy, four of the five studies that conducted follow-up
assessments reported continued weight loss with only
one study reporting weight regain. More studies are
needed to narrow down the specific strategies, mes-
sages, and methodologies that should be included in a
mindful eating-centered weight management program.

An approach in line with mindful eating practices is
to slow the rate of eating to potentially reduce total
food consumption at each meal by increasing satiety
levels. Some studies indeed show slow eating, but still
at a moderate speed, increases satiety and decreases
hunger levels in overweight and obese individuals
with type 2 diabetes.57 This eating approach, however,
did not lead to any differences in glucose, insulin, or
gastrointestinal hormonal signals. Other studies have
found that reducing eating rate results in less food
intake compared to a baseline meal for men but not
women.58 Such findings suggest the need to better un-
derstand how rate of eating could differentially affect
satiety responses in men and women.

D. Meal Replacements (Partial and Total)

Nutrient-rich MR diet plans have been shown to yield
significant health benefits in a safe and effective manner.

Weight management interventions utilizing MRs or par-
tial MRs typically produce greater weight reduction,
sufficient nutrition, higher satisfaction, and better
long-term adherence rates compared to those that focus
on conventional foods.51 Findings from a recent metaa-
nalysis indicate that MR products produce statistically
greater weight loss of approximately 1.5 kg over 1 year
compared to interventions that focus on conventional
foods.51 Two studies reported weight loss outcomes at
4 years with both favoring interventions with MRs
over control (self-directed dieting). These findings indi-
cate that use of MR products can enhance long-term
weight loss. Importantly, MRs appear to be safe and
have not been associated with higher rates of adverse
events.59

E. Tools to Help Modify Eating Behaviors
(Selfmonitoring and Tracking Tools, Oral
Device, and Waist Cord)

There is substantial research demonstrating a rela-
tionship between self-monitoring and weight loss;60

however, less is known about the effects of different
recording formats on long-term adherence. Tradition-
ally, pen and paper methods have been employed for
tracking variables such as calorie intake, daily weights,
and minutes of exercise. The use of digital devices, spe-
cifically “smartphones,” as modalities for recording
food intake and exercise behavior, however, has signifi-
cantly increased over the past decade and appears to
have replaced traditional pen and paper methods as
the primary modality for recording dietary intake.

Initial studies suggest that apps on mobile phones for
self-monitoring may produce higher levels of adherence
than either websites or pen and paper. For example,
Burke et al. found that participants who used a personal
device to self-monitor had much higher rates of adher-
ence (80%) than those who used a pen and paper
(55%) to record dietary adherence over a 6 month
period.61 There were small differences in the percent-
ages of individuals who achieved clinically meaningful
weight losses (>5% baseline weight) with no significant
differences between groups (49% vs. 46%). Carter et al.
also found a significantly higher level of adherence
among individuals using a smartphone compared to in-
dividuals who either used a website or a food diary to
self-monitor (92 vs. 35 vs. 29 days over a 6 month
period).62 In this study, the participants in the smart-
phone group lost a greater amount of body fat than
either the website or diary group.

Although initial studies support the superiority of a
mobile app over othermethods of self-monitoring, adher-
ence levels unfortunately decline over time regardless of
themodality used.63,64 Thus, there is a need to continue to
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explore strategies to enhance long-term adherence to self-
monitoring, regardless of the modality used.

Smartphone applications

One of the major barriers to successfully disseminating
interventions to free-living individuals is lack ofmethodol-
ogies that can accurately assess calorie and nutrient intake,
as well as provide real-time feedback to individuals about
their dietary intake and energy expenditure levels. Smart-
phone apps can help overcome this barrier by providing
real-time feedback to users regarding dietary intake and
PA monitoring.65 Two noteworthy findings of a recent
scoping review by Rivera and colleagues65 on apps for
weight management were that (1) a large percentage of
weight loss apps (139 out of 393) utilize a self-monitoring
feature and (2) most mobile apps for weight loss/manage-
ment lack important evidence-based features and have
not undergone rigorous scientific testing.

One exception to these findings is the “SmartLoss”
app. This app incorporates many empirically supported
weight management strategies, including remote moni-
toring, personalized nutritional counseling, and weekly
feedback “toolboxes” that contain information on how
to improve eating habits. In a 12 week intervention trial,
use of this app led to statistically significant weight loss
at weeks 4, 8, and 12 (mean weight change of 10%
body weight at 12 weeks).66 Additionally, participants
receiving the SmartLoss intervention had significant re-
ductions in waist circumference at weeks 8 and 12 and a
significant reduction in systolic and diastolic blood pres-
sure at week 12.66

Wearable technology

Wearable technologies, including watches (FitBit, Gar-
min, and Apple Watches) and bracelets, may also assist
with weight loss by providing real-time feedback about
an individual’s daily activities and total energy expendi-
ture. In a review by Cheatham and colleagues, a total of
25 studies were identified, which investigated the use
of wearable technology on changes in body weight and
PA levels in overweight and obese populations.67 19 of
the 25 identified trials reported positive effects of wear-
able technology on body weight and PA, as assessed by
step count, accelerometer monitored PA, and exercise en-
ergy expenditure. The findings of this review indicate
that activity trackers can enhance the effects of standard
weight loss programs, specifically in middle-age and
older adults. Notably, the studies included in this review
focused on short-term (<6 months) weight loss. There is
currently a dearth of evidence on the effects of wearable
technology on long-term weight loss.

eHealth interventions

In contrast to smartphone apps, there have been a
considerable number of trials that have tested the

effectiveness of ehealth interventions for weight loss.
The most common modalities for delivering these inter-
ventions include email, text messages, monitoring de-
vices, mobile applications, computer programs, and
personal digital assistants. A systematic review and
metaanalysis by Hutchesson and colleagues68 examined
the efficacy of eHealth interventions to aid in the preven-
tion and treatment of obesity and overweight in adults. A
total of 84 clinical trials were identifiedwith 61 having the
primary aim of weight loss, 10weight loss maintenance, 8
weight gain prevention, and 5 weight loss and
maintenance. Using metaanalytic techniques, they found
that eHealth interventions produced significantly greater
weight loss compared to control groups (mean differen-
ce ¼ 2.7 kg). Additionally, interventions with evidence-
based behavioral skills training, such as self-monitoring
and personalized feedback, produced significantly
greater weight loss.

Thus, theevidence todatedoesnot support theeffective-
ness of eHealth interventions for weight loss maintenance.

Devices/strategies to modify eating behavior

Taking smaller bites of food leads tomore oral process-
ing and slower rate of food intake, potentially increasing
satiety, and decreasing the risk of overeating.69e72 For this
reason, there has been an increased interest in the poten-
tial of oral devices to be used as a simple intervention to
promote weight loss by reducing food intake. Oral de-
vices can modify eating behaviors by decreasing the
size of the oral cavity, forcing the user to take smaller bites
or less frequent bites. These devices, which are made of
soft material that is contoured to an individual’s palate
shape, are typically worn during mealtimes and can be
easily removed during all other activities besides eating.
Oral devices can also have a monitor that tracks the
amount of food and bites an individual takes during a
meal.72

To date, four studies have examined the effects of
different types of oral devices to restrict the size of the
oral cavity to determine if decreased oral cavity
size could impact food consumed, and subsequently

Although the findings of this review of eHealth
interventions as a treatment option support
weight loss efficacy, the findings were much
less positive for weight loss maintenance. Seven
trials were identified, which compared eHealth
interventions to a control condition for long-
term weight loss, with no difference observed
between groups in any of these trials.68
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short- and long-term weight loss. These studies found
that use of oral devices produced a reduction in body
weight ranging from 3% to 11%, with an average weight
loss of 4.9 kg � 0.9 kg.69e72 All four of these studies
showed the experimental group lost a statistically signif-
icant amount of weight over the course of both weeks
and months, and three studies found use of the oral de-
vice produced a clinically significant weight loss (>5%
total body loss).

An important question is whether or not these devices
would need to used indefinitely. As a first step toward
answering this question, Von Seck et al. implemented a
two-phase intervention: phase one involving the issue
of the oral device while eating, and in phase two, the par-
ticipants removed the oral device while eating to deter-
mine if the oral device would have long-term effects on
weight loss.72 Noteworthy, the participants continued to
lose a statistically significant amount of weight in phase
two, despite not using the oral device. This strongly sug-
gests that the participants continued to eat less food even
when they stopped using the device.

IV. WEIGHT LOSS MAINTENANCE
CHALLENGES

As noted earlier, the body has several compensatory
mechanisms that occur following calorie restriction
and weight loss to increase food intake and decrease en-
ergy expenditure.14e16

These mechanisms, such as decreased leptin response
after meals (a protein hormone that signals satiety) and
an increased ghrelin response (a gut peptide associated
with the sensation of hunger), tend to promote weight
regain following weight loss, and these physical changes
appear to remain present until an individual has
returned to their baseline weight.15,16,18,73 As a result, in-
dividuals desiring to maintain a reduced body weight
would have to consume fewer calories than suggested
through the signals received from the brain and periph-
ery.74 Unfortunately, these strong neuroendocrine signals
to increase food intake and decrease energy expenditure

following weight reduction do not appear to decrease
over time and thus remain present until the defended
weight is reached (i.e., the lost weight is regained).75

As a consequence of these behavioral, environmental,
and physiological factors, most individuals experience
some weight regain following weight loss.76 This weight
gain often occurs after the end of initial treatment, a time
when there is the least amount of contact with treatment
providers. After the end of intervention, most individ-
uals no longer have contact with providers and/or
group members for social reinforcement, which may
be needed as steady weight loss tends to slow after
completion of treatment. As a result, the behavioral
“costs” of continued dietary control can seem too high
in comparison to the diminished “benefit” in terms of
weight loss, decreasing motivation to maintain behav-
ioral changes. This may lead individuals to perceive
the costs of weight management efforts to exceed the
benefits, which could ultimately lead to an abandon-
ment of weight management efforts.77

With the current physical and social environment
supporting unhealthy dietary practices and sedentary
behavior, it is not surprising that initial success in life-
style programs is commonly followed by a return to pre-
treatment patterns of eating and PA.24,76 Indeed, the
potency of environmental challenges often initiates a
behavioral “cascade” wherein initial lapses in the main-
tenance of behavioral changes undermine the individ-
ual’s confidence in their self-management skills and
thereby lead to poor long-term adherence and the even-
tual abandonment of the entire behavior change effort
for many individuals.77,78

We know, however, that there is a population that has
been succeeding in maintaining substantial weight los-
ses over the long term. Thus, it is important to carefully
study the behaviors in which these individuals consis-
tently engage.

V. RECOMMENDATIONS BASED ON
EATING AND ACTIVITY BEHAVIORS

IN NWCR

A. Eating Behavior

Successful weight loss maintainers in the NWCR
report many of the same habits, including: eating a
low-fat, high-carbohydrate diet, regular self-monitoring
of body weight, with 36% reporting weighing once daily
and 79% reported weighing once weekly, and high
levels of PA averaging 2827 kcal/week in energy
expenditure.46,79,80 Approximately 75% of these individ-
uals reported expending >1000 kcal/week (or walking
> 10 miles/week), 54% expending >2000 kcal/week,
and 35% expending >3000 kcal/week through various

Following traditional lifestyle interventions,
many compensatory mechanisms occur to both
the metabolic and neuroendocrine systems that
signal the body to decrease energy expenditure
and increase food intake, which combine to
promote weight regain.
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forms of PA. Individuals who reported more PA also re-
ported consuming diets lower in fat and higher cogni-
tive restraint.79 Walking was the most popular form of
PA reported, with resistance training being the second
most common.

In addition to the key behaviors mentioned above,
Wyatt et al. determined that consistently eating breakfast
was also a common characteristic found in successful
weight loss maintainers, with approximately 78% of suc-
cessful weight loss maintainers reporting eating regular
breakfast whereas�5% reported never eating breakfast.80

Individuals with greater weight loss also demonstrated
better eating habits, such as higher cognitive restraint,
flexible and rigid control, lower intake of fat, more
restrained eating, fewer fast food meals per week, and
frequently eating breakfast.79 A noteworthy limitation
of these conclusions is that these psychological and
behavioral factors were only assessed at the 1 year
follow-up, rather than at all annual visits, which would
have provided more information on the connection be-
tween behavioral changes and weight trajectories. Never-
theless, such findings indicate that long-term weight loss
maintenance is possible but requires sustained behavior
change in eating and exercise habits.45 As noted above,
sustaining these behaviors is difficult for the vast major-
ity of individuals in the current obesogenic environment.

B. Physical Activity Levels

The variability in reported PA among members of the
NWCR presents a challenge to create a single PA recom-
mendation for weight loss and weight loss mainte-
nance.81 Fortunately, findings from RCTs can help
inform the optimal amount and type of exercise for
weight loss maintenance.

In 2001, the American College of Sports Medicine
published a Position Statement that recommended
adults obtain 150 min per week of moderate-intensity
aerobic PA (PA) for health benefits, but 200e300 min
per week, or 60 min of walking per day for weight loss
maintenance.82 In 2009, the evidence was reexamined
based on studies conducted since 1999, and the
following conclusions were reached: (1) Evidence sup-
ports moderate-intensity PA between 150 and 250 min
(�1) to be effective to prevent weight gain. (2)
Moderate-intensity PA between 150 and 250 min per
week (�1) will provide only modest weight loss. (3)

Greater amounts of PA (>250 min/week [�1]) are
associated with clinically significant weight loss.83 These
conclusions suggest that PA levels of as little as 150 min
per week may be effective in preventing weight gain.

Higher amounts of PA, however, appear to be
particularly effective for promoting long-term weight
loss. For example, the Studies of a Targeted Risk Reduc-
tion Intervention through Defined Exercise followed
previously obese women for 12 months. This study
determined that an average of 80 min/day (or 1.3 h/
day) of moderate or 35 min/day (0.6 h/day) of vigorous
activity added to a sedentary lifestyle resulted in the
least weight regain.84 Activity levels were assessed by
doubly labeled water, and women in the “highly active”
group (who engaged in the aforementioned PA dura-
tion) regained only 2.5 kg at the 1 year follow-up assess-
ment. The moderate activity level group regained 9.9 kg,
and the sedentary group regained 7 kg at the 1 year
follow-up.84

Most studies to date have looked at the effects of aer-
obic exercise for weight loss maintenance. Fewer studies
have examined the potential of resistance training to
enhance long-term weight loss. Resistance training has
the potential to enhance long-term weight loss by
stimulating increased levels of fat oxidation both during
and acutely following the exercise session.85,86 Addition-
ally, resistance training may have a positive effect on
weight loss maintenance by preserving or increasing
FFM and thereby enhancing metabolic rate.87

A growing body of evidence supports the potential of
resistance training to be a weight loss maintenance
tool. For example, Hunter and colleagues determined
that resistance training (3 days/week) enhanced weight
loss maintenance among African American and Euro-
pean women following a veryelow-calorie diet
(800 kcal/day).88 The proposed mechanism through
which resistance training enhanced weight loss mainte-
nance was by preserving FFM, which helped to avert the
decline in resting energy expenditure typically seen
following calorie restricted weigh loss.88

A study by Borg et al (2002) investigated the effects
of resistance training versus walking on weight loss main-
tenance in 90 middle-aged obese men and found it pro-
duced favorable changes in body composition but did not
lead to greater weight loss maintenance.89 Following an
8 week veryelow-calorie diet, participants were random-
ized to one of three groups: control, walking, and resis-
tance training. Both of the exercise groups (walking and
resistance training) engaged in 45 minute sessions, three
times weekly. Target walking intensity was 60%e70%
VO2 max, as assessed by a treadmill test, and had an esti-
mated energy expenditure of 1.7 MJ (400 kcal). Resistance
training comprised eight repetitions of each exercise for
three sets, at an intensity of 60%e80% of the subject’s 1
rep maximum, and the estimated energy expenditure

Successful weight loss maintainers continue to
limit and monitor their calorie intake as well
as engage in high levels of PA.
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was 1.2 MJ (300 kcal) for each session. All three groups
regaining an average of 9.6 kg over the 23 month unsuper-
vised follow-up. However, the resistance training group
has the smallest regain in the waist-to-hip ratio and kept
off more fat mass than the other groups.89

VI. OBESITY ACROSS THE LIFE SPAN
AND IMPORTANCE OF PREVENTING

DRIVERS OF GAIN

A. Obesity and Aging

Of significant concern, the number and proportion of
obese, older women has increased dramatically over the
past two decades.90 Recent estimates indicate that 35% of
older Caucasian women are obese and another 33% are
overweight, placing them at risk for obesity.90 Even more
alarming, approximately 50% of African American women
age 60 and over are currently obese, with an additional 30%
classified as overweight.90 In line with the high prevalence
of obesity, older, postmenopausal African American also
have higher rates of obesity-related illnesses, including dia-
betes and hypertension,90,91 as well as functional limita-
tions due to obesity than other populations.91,92

Both women and men show an increase in central
adiposity and subcutaneous abdominal tissue with
increasing age, which has been shown to negatively affect
skeletal muscle metabolism93 and increase the risk of car-
diometabolic abnormalities.94e96 The decline in estrogen
following menopause can disrupt energy metabolism
and predispose women to gain adipose tissue, as well as
increase risk of obesity-related disease conditions.97 More-
over, postmenopausal status also leads to deleterious
changes in fat distribution, especially with abdominal
adiposity increased and an increase in lipid profile that
points to the higher risk of chronic disease conditions.98

Similar to obesity, diabetes is highly prevalent among
older adults. Diabetes currently afflicts more than one in
five adults age 65 years and older.99 Additionally, the
prevalence of diabetes among older adults is rising
and projected to reach 30% in the next three decades.100

Although obesity is a significant contributor to
diabetes-related disability,101,102 there appears to be a
distinct effect of diabetes on risk for disability inde-
pendent of BMI.101e103 For example, investigators from
the Women’s Health and Aging Study reported that

adjusting for obesity minimally reduced the association
between diabetes and objective measures of physical
function.104 In addition, Park and colleagues (2006) found
a linear relationship between duration of diabetes and
poor glycemic control with changes in muscle quality.103

The causes of these age-related biological changes are
multifactorial and include environmental, social, and
behavioral factors. Among the behavioral factors, low
levels of PA combined with excessive and unhealthy cal-
orie intake appear to strongly contribute to functional
decline among older adults.105 For example, sedentary
time has been associated with the development of both
metabolic syndrome106 and major mobility disability
(defined as inability to walk one block)107 in a large sam-
ple of generally healthy older adults with moderate
mobility limitations. In line with these findings, a recent
review of trends in US health by the US Burden of Disease
Collaborators found that high BMI, smoking, and high
fasting plasma glucose are the three most important risk
factors for disease and disability in the United States.108

Among these, only smoking is decreasing, while BMI
and fasting plasma glucose levels are steadily increasing.

B. Drivers of Weight Gain Across The Life
Span

Stress

Stress can be defined as “the generalized, non-specific
response of the body to any factor that overwhelms, or
threatens to overwhelm, the body’s compensatory abili-
ties to maintain homeostasis can be either acute or
chronic, with the type of stress having specific conse-
quences.” While acute stress activates the “flight or
fight” response and suppresses appetite, chronic stress
has generally been associated with a greater preference
for energy dense foods, particularly those high in fat
and sugar.109 Findings from longitudinal studies suggest
that chronic life stress is linked to weight gain, with the
effects being greater in men than women.109 Perceived
stress may also promote weight gain through its effects
on PA levels with most studies finding that higher levels
of perceived stress lead to reductions in PA levels.110

In addition to the behavioral changes noted above,
there are a few physiological mechanisms through which
chronic stress can lead to weight gain. First, chronic stress
can dysregulate the HPA axis and induce secretion of glu-
cocorticoids, which target the hypothalamus that can
alter glucose metabolism, promote insulin resistance,
and influence multiple appetite-related hormones and
hypothalamic neuropeptides.111,112 Chronic stress can
also lead to overactivation of the hypothalamice
pituitaryeadrenal axis and sympathetic adrenal medul-
lary system, as well as the release of circulating hormones
that could promote fat storage.112 The hormones ghrelin
and cortisol in particular have been associated with

Resistance training has the potential to enhance
weight loss maintenance by maintaining or
potentially enhancing FFM and thereby averting
the decline in RMR that typically occurs
following weight loss interventions.
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weight gain following elevated levels of perceived
stress.113 For example, Chao et al. found that higher fast-
ing levels of ghrelin predicted future (6 months) food
cravings for starchy, carbohydrate heavy foods.114

To our knowledge, no study has examined the potential
of stress management interventions to enhance weight
loss maintenance, and only two studies have examined
the potential of stress management interventions to
enhance the effects of weight loss interventions in over-
weight adults. In both of these studies, the addition of a
stress management program, which incorporated dia-
phragmatic breathing, progressive muscle relaxation,
and guided visualization, to a dietary intervention was
found to produce larger reductions in BMI and weight
compared to a control group (diet only).115,116 Addition-
ally, participants receiving the stress management inter-
vention reported greater reductions in anxiety and
depression and higher levels of dietary restraint com-
parted to participants in the control group.115,116

Sleep

Self-reported mean sleep time has decreased
10e15 min from 1985 to 2010, with adults self-reporting
less than 6 h of sleep per night increasing from 22.3% to
29.2%.117 This is of concern as short sleep time can in-
crease risk for obesity.118 In a 16 year longitudinal study
of 68,183 women, a clear relationship between self-
reported sleep duration andweight gainwas observed.118

Women who reported sleeping between 7 and 8 h per
night had the lowest risk for major weight gain. Risk of
developing obesity began to increase for women who
slept less than 7 h per night, with the risk progressively
increasing for women who reported sleeping less than 6
and 5 h per night (6% and 15% increase, respectively).118

In the MedWeight Study, a registry of individuals who
lost at least 10% of their body weight in the past and
eithermaintained the loss or regained it, short sleep dura-
tion and poor sleep quality were also directly linked to
poor weight loss maintenance.119 Although the exact
mechanism linking sleep to weight gain is not known,
there are a number of potential mechanisms through
which short sleep duration could affect body weight
including reduction in PA, increased ghrelin levels, and
decreased leptin sensitivity.120 To our knowledge, no
studies have tested the effects of a sleep intervention on
weight loss or weight loss maintenance.

Medications for obesity

Current medications for obesity are indicated to be
used as adjuncts to a reduced-calorie diet and increased
PA for chronic weight management in adults with a
BMI �30 kg/m2 or those with a BMI �27 kg/m2 who
have at least one weight-related comorbid condition,
such as diabetes mellitus, hypertension, hyperlipidemia,
or sleep apnea.121 At present, there are five major FDA
approved antiobesity medications: phentermine, orlistat,
phentermine/topiramate extended release, naltrexone

sustained release (SR)/bupropion SR, and liraglutide
(the only injectable formulation). Four of these five med-
ications work by activating CNS pathways that reduces
appetite or enhances satiety, and the other medication
(i.e., Orlistat) works by reducing the absorption of dietary
fat.121

Obesity medications have an efficacy of 3%e7% (esti-
mated net weight loss) compared to placebo.121 Several
classes of FDA-approved medications, along with off-
label medications, have also been found effective in
enhancing weight loss maintenance.122,123 When used
as an adjunct to lifestyle intervention, obesity medica-
tions have been found to produce greater mean weight
loss and an increased likelihood of achieving clinically
meaningful 1 year weight loss relative to placebo.122,123

Thus, obesity medications appear to be a useful adjunct
to lifestyle interventions to maintain weight loss and
prevent weight regain.

Although medications can enhance weight loss and
weight loss maintenance, limitations to long-term use
of obesity medications exist. First, it is necessary to
carefully evaluate their safety, efficacy, contraindications,
and drug interactions before prolonged use.122,123 This is
especially important in regards to cardiovascular safety,
as increased rates of adverse cardiac events have been
reported with previously approved medications.122,123

Additionally, there is a high variability of responses to
these medications, reluctance of some patients and pro-
viders to initiate pharmacotherapy, high attrition rates,
and a risk of regaining weight despite treatment. Finally,
there are currently no recommendations for which type
or class of patients the particular medications will be
best suited. This decision is often left to providers who
do not have the requisite expertise or experience to
recognize the specific phenotypes that would differen-
tially responds to certain medications.

VII. OBESITY ACROSS THE LIFE SPAN
AND BODY COMPOSITION CHANGES

WITH AGING, MENOPAUSE

A. Role of Dietary Macronutrient Composition
in Long-Term Weight Loss

Although calorie restriction produces short-term
weight loss, intense debate remains about the importance
of macronutrient composition in the treatment of obesity.

Medications hold promise to enhance weight
loss maintenance, but more research is needed
to determine the types of medications that
would be most appropriate for specific patient
populations.
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There are currently strong advocates of diets that empha-
size protein, those that emphasize carbohydrates, or
those that emphasize fat.124e126 Yet findings to date
from studies in which macronutrient composition was
manipulated have been mixed. In a number of studies,
low-carbohydrate, high-protein diets have been found
to produce superior short-term (i.e., 6 month) weight
loss as compared to conventional, low-fat diets.127e132

In contrast, other researchers found that a veryehigh-
carbohydrate, veryelow-fat vegetarian diet was superior
to a conventional high-carbohydrate, low-fat diet in
improving cardiovascular disease risk factors.133,134

Other studies, however, have not reported that macronu-
trient composition can influence weight loss outcomes.

Relatively few studies that have examined the role of
dietary composition in weight loss outcomes have fol-
lowed participants for 1 year or longer, and among these
studies, the findings have been mixed. For example, one
study found an ad lib low-fat diet was superior to a diet
with fixed energy intakes,135 while other studies found a
moderate-fat, Mediterranean-style diet and a low-
carbohydrate diet produced greater long-term weight
loss than a low-fat diet.136,137 In contrast, other studies
have found no differences between high-protein and
low-protein diets in long-term weight loss.128 Until
recently, most trials involved relatively small samples
comprised of mostly women and did not adequately
report on adherence to the assigned diets. Thus, the
most important question is whether overweight people
have a better response in the long-term to diets that
emphasize a specific macronutrient composition.

The Pounds Lost trial was conducted in an effort to
answer this question. In this large-scale, 2 year interven-
tion trial, conducted at two different sites, a total of 811
participants were randomly assigned to one of four diets
that emphasized different contents of carbohydrates, fats,
and proteins.138 Specifically, participants were assigned
to follow one of the following four diets: 20% fat, 15% pro-
tein, and 65% carbohydrates (low-fat, average-protein);
20% fat, 25% protein, and 55% carbohydrates (low-fat,
high-protein); 40% fat, 15% protein, and 45% carbohy-
drates (high-fat, average-protein); and 40% fat, 25% pro-
tein, and 35% carbohydrates (high-fat, high-protein).
Participants in all four dietary conditions were provided
with a state-of-the-art behavioral intervention throughout
the entire 2 year intervention. The key findings of this
trial were that all four diets produced clinically meaning-
ful weight loss and that there were no differences in
weight loss or maintenance of weight loss between the
diets over the course of 2 years.138 Other noteworthy
findings were that many participants had difficulty
achieving the macronutrient goals for their assigned
group and that adherence steadily declined regardless

of which dietary macronutrient condition the participant
was assigned.63,139 Overall, these findings with respect to
adherence to macronutrient goals suggest that partici-
pants in weight loss programs revert to their customary
macronutrient intakes over time but may nonetheless be
able to maintain some weight loss.

The findings of the Pounds Lost trial would suggest
that there is not an ideal macronutrient composition for
weight loss maintenance. Although it was a well-
conducted, large-scale, long-term trial, it was only one
trial. Another approach to look at the potential effects
of macronutrient composition on weight loss outcomes
is to examine the effects of popular diets on weight loss.

Based in part on such trends in weight gain, the crea-
tors of many popular diets (e.g., Atkins, Zone) have
suggested that diets in which carbohydrate intake is
significantly higher than other macronutrients are not
an optimal approach for weight loss and may even
contribute to weight gain. Most of these diets were pub-
lished and promoted by one or more health andwellness
“expert” who attests to the health and weight loss bene-
fits observed when following their recommended diet.

Two reviews have evaluated the effects of popular
diets on both short- and long-term weight loss outcomes.
The first was a metaanalysis by Johnston et al. in 2014,
which attempted to answer the question of whether any
popular diets were effective in producing weight loss
over the short term (6 months or less) and/or long term
(12 months).140 The primary findings of this metaanalysis
were that reductions in calorie intake were the primary
driver of weight loss and that differences between diets
differing in macronutrient composition were relatively
small. A noteworthy limitation of this metaanalysis, how-
ever, was that it included studies in which calorie restric-
tion was a component of some of the popular diets tested.

As a follow-up to the Johnston et al. review, Anton and
colleagues conducted a review of the effects of popular
diets that did not include specific calorie targets on
both short-term (�6 months) and long-term (�1 year)
weight loss outcomes.141 The diets selected for this re-
view were based on the popular diets listed in the
2016 US News and World Report. A noteworthy finding
of this review was that only 7 of the 20 eligible popular
diets in the US News & World Report had been tested
in a clinical trial and that there was a large disparity in
the evidence base for these 7 diets (without calorie tar-
gets). In contrast to the Johnston et al. review, Anton
and colleagues found that the Atkins diet had substan-
tially more support from clinical trials than any other
popular diet. Specifically, six of seven clinical trials sup-
ported the efficacy of the Atkins diet to produce clinically
meaningful short-term weight loss, with findings from
four of five trials supporting the ability of this diet to
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produce long-term weight loss. In contrast to the Atkins
diet, there were few clinical trials published on the other
six empirically tested diets (i.e., the DASH diet, the glyce-
mic index diet, the Mediterranean diet, the Ornish diet,
the Paleolithic diet, the low-fat vegan diet, and the zone
diet).

Noteworthy, current recommendations of the Dietary
Guidelines Advisory Committee, which state that diets
with less than 45% of calories as carbohydrates are
not successful for long-term weight loss (1months), are
not in line with low-carbohydrate diets such as Atkins.22

In support of current dietary guidelines, a metaanalyses
by Hall and Guo of 32 controlled feeding studies found
that isocaloric substitution of dietary carbohydrate for fat
produced greater energy expenditure (26 kcal/d) and fat
loss (16 g/d).142 Thus, the low-fat diet, rather than low-
carbohydrate diet, produced more favorable changes in
energy expenditure and fat loss in this metaanalytic re-
view of isocaloric diets. Given themixed findings reported
in the literature and different conclusions reached by
recent reviews and metaanalyses, it is not surprising that
the role of diet composition in weight loss and weight
loss maintenance remains a topic of significant debate.

B. Metabolic Dysregulation and Aging

With aging, there are changes in body composition
that can contribute to unhealthymetabolic states, further
increasing risk for unhealthy weight gain, and ulti-
mately chronic disease conditions. First, there is often
a loss of FFM, which seems to parallel the reduction in
metabolic rate, particularly after the age of 50.143 Due
to the combination of aging and corresponding reduc-
tion in activity levels, loss of muscle mass progresses
faster with increasing age.144,145 This age-related muscle
loss (sarcopenia) can diminish both the metabolic and
mechanical functions of the skeletal muscle,146,147 which
is of concern as skeletal muscle has the greatest
contribution to an individual’s metabolic rate.148

In addition to loss of total muscle mass, the quality of
muscle declines with age due to increased fat infiltration
within the muscle, which can result in a loss of muscle
strength149 and power.150 Noteworthy, these age-related
changes in muscle composition appear to be even more
pronounced in older adults with obesity151,152 and can
lead to a reduction in energy expenditure and increased

risk of weight gain.143 Over time, the progressive reduc-
tion of the structural and mechanical function of skeletal
muscle during aging can ultimately lead to impairments
in the functional capacity153 and contribute to metabolic
disease conditions (e.g., metabolic syndrome).154

At a cellular level, a decrease in skeletal muscle oxida-
tive capacity and mitochondrial function is typically
observed with aging, resulting in impaired oxidative
capacity for fat utilization.155 Over time, this can lead
to an imbalance between fatty acid uptake and fatty
acid oxidation and utilization and lead to lipotoxicity,
a condition in which the body is unable to convert excess
lipid into lipid droplets to be utilized for fatty acid
oxidation.156 Lipotoxicity also results from lipids being
synthesized from excess glucose in both adipose and
nonadipose tissue.157 During aging, these physiological
changes can contribute to body weight gain and a redis-
tribution of body fat to the abdominal area, visceral
organs, and even the bone. Notable metabolic changes
that are related to lipotoxicity include a decline of insu-
lin sensitivity, alteration in substrate utilization, and
reduction in mitochondrial function and number.158

Chronic overnutrition is a key contributor to the
development of lipotoxicity, as frequently consumption
of calories results in an increase of carbohydrate utiliza-
tion and decrease of fatty acid oxidation. Over time, this
can contribute to the accumulation of toxic fatty acids, as
the skeletal muscle is less able to switch between metab-
olizing lipids and carbohydrates. Lipotoxicity appears to
be an important factor contributing to muscle loss with
age and associated decline in physical functioning.159e161

Moreover, the combination of muscle loss and fat gain
may act synergistically to increase risk of physical
disability in the elderly.143,162,163

The complexity of the physiological changes with ag-
ing and the development of metabolic dysfunction,
which predisposes individuals to further weight gain,
warrants further investigation.

C. Treatment TargetseFat Versus Weight Loss
and Muscle Retention

The metabolic changes described above can put the
weight reduced older adult in a bit of a precarious situ-
ation. On the one hand, they need to reduce their calorie
consumption to match the reduction in their metabolic

Despite extensive research, there is not a clear
answer to what the optimal diet is to promote
weight loss and/or weight loss maintenance.
The best diet is therefore likely to be the diet
that an individual will follow over the long
term.

Metabolic changes occur during aging that can
promote adiposity and loss of lean mass. There-
fore, it is particularly important that middle-age
and older adults continue to engage in lifestyle
behaviors that can promote metabolic health.
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rate, due to loss of skeletal muscle. On the other hand,
there appears to be an increased need for protein to
maintain levels of FFM.164 Additionally, with the reduc-
tion in metabolic rate comes an increased susceptibility
to gain weight, specifically body fat.

Due to the body composition and metabolic changes
that occur with aging, there remains significant debate
regarding how to best treat obesity in older adults.165

This controversy primarily revolves around concerns
that weight loss may accelerate the rate of muscle and
bone loss that normally occurs with aging and thereby
adversely affect physical function.166,167 Indeed, a rela-
tively large proportion of FFM (25%) is typically lost
following traditional lifestyle interventions (caloric
restriction and aerobic exercise).168

On the other hand, lifestyle interventions represent
potential treatment methods that could delay or even
prevent the most common and disabling conditions
experienced by obese, older adults.169,170 For example,
a large-scale clinical trial found that intentional weight
loss was associated with reduced mortality risk in obese
adults 60 years and older,171 and another recent trial
found weight loss reduces arterial stiffness in obese,
older adults,172 suggesting that weight loss should be
recommended for this population. Recent clinical trials
also suggest that the addition of resistance training to
a diet plus aerobic exercise program can attenuate the
loss of skeletal muscle during weight loss in adults age
65 and over.169 Diet plus supervised resistance and
aerobic exercise regimens have also been found to sub-
stantially improve mobility (i.e., walking speed) and
function in obese, older adults.170,173

Although some risk may be associated with weight
loss in older adults, obesity and sedentary lifestyle,
without intervention, are known to predict the develop-
ment of disability in otherwise well-functioning older
adults.174,175 Confidence in use of these interventions
on a broad scale will require a study to demonstrate
that the benefits of these interventions outweigh poten-
tial risks. Thus, enhancing and/or maintaining FFM
represents a very important focus of treatment, as
high-quality muscle is the primary driver of metabolic
rate. A very important secondary focus should be on
the effects of treatment on mobility and physical func-
tion, as walking speed is an excellent proxy of overall
health status in older adults.176,177

Another important secondary focus should be on
enhancing metabolic flexibility, so that the individual
is able to utilize and switch between glucose and fat-
derived ketones as sources of energy.55 For many seden-
tary, overweight older adults, this switch rarely occurs
and thus their body remains in fat storage mode for
the majority of time. In contrast, the activation of the
metabolic switch appears to be a useful strategy to
prevent lipotoxicity, as it causes a shift from fat storage

to utilization of body fat as an energy source. To induce
this metabolic switch, it is critical to focus on lifestyle
habits, such as intermittent fasting and resistance
training that can increase resting energy metabolism,
total energy expenditure, and fat oxidation.

D. Promising Approaches to Enhance Long-
Term Weight/Fat Loss

Although the optimal intervention strategy for
improving health and metabolic function in overweight
adults is not currently known, there are several prom-
ising approaches worthy of investigation to enhance
long-termweight/fat loss. Standard lifestyle approaches
(i.e., diet plus aerobic exercise) have demonstrated effi-
cacy for weight loss and have also been found to
improve self-reported physical function.178 Addition-
ally, calorie-restricted diets have been shown to reduce
intrahepatic fat and improve insulin sensitivity in obese,
older adults.179 These effects are observed with or
without the addition of aerobic exercise, though aerobic
exercise does appear to enhance the beneficial metabolic
changes produced by calorie restriction.179

As positive as these findings are in regards to weight
loss and metabolic improvements, standard lifestyle
interventions have not been successful to date in
producing long-termweight loss for the majority of indi-
viduals. Thus, the long-term weight loss maintenance
remains the Achilles heel of obesity treatment. Below,
we review promising approaches that could be used as
an alternative or integrated with standard lifestyle treat-
ments to produce better long-term weight/fat loss.

Resistance training

One promising approach to enhance the effects of stan-
dard lifestyle interventions is to add a resistance training
component to the exercise intervention. The addition of
resistance training to a hypocaloric diet has been found
to attenuate the loss of lean mass during weight loss in
older adults.169 Other trials have found that calorie
restricted diets combined with comprehensive exercise
programs involving resistance training improve physical
function and ameliorate frailty in older adults with
obesity.170 Additionally, the combination of moderate-
intensity resistance training plus diet was recently found
to be more effective than diet alone in producing fat loss
and reducing intermuscular adipose tissue following a
10 week weight loss intervention in overweight, older
adults.180 Noteworthy, the improvements in functional
capacity appear to be directly related to enhancedmuscle
quality due to the reduction in fat infiltration into muscle
bundles.181 A growing body of evidence indicates
resistance training may have the potential to enhance
weight loss maintenance, though findings of initial
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studies are mixed.88,89 The proposed mechanism through
which resistance training enhanced long-term weight
loss was by preserving FFM, which helped to avert the
decline in resting energy expenditure typically seen
following calorie restricted weigh loss.88

High-protein diets

Increasing dietary protein intake has been shown to in-
crease muscle protein synthesis in older adults and stim-
ulate postprandial muscle accretion in older men.182,183

Therefore, higher protein diets could be an intervention
to preserve FFM in older populations, particularly
when combined with resistance training.182,183 In line
with this, the combination of a high dietary protein diet
plus resistance exercise training was recently shown to
significantly increase FFM during weight loss in
overweight and obese older adults.184 Noteworthy, the
high-protein diet, independent of the resistance exercise,
did not significantly affect changes in FFM during weight
loss. The participants who received the combined inter-
vention of high-protein diet plus resistance exercise,
however, had a significant increase in their FFM. In line
with the findings of this trial, a recent review by Anton
and colleagues found that dietary interventions involving
protein supplementation improved functional and strength
outcomes in older adults with sarcopenia.164 Such find-
ings suggest that the combination of high-protein,
calorie-restricted diets, particularly when combined
with resistance training, can help maintain or even in-
crease FFM during weight loss and thus may be a prom-
ising approach for enhancing weight loss maintenance,
particularly in older adults.

Portion control plates

Increased portion sizes appear to be directly related
to increased energy intake,185 and thus portion size is
likely an important factor contributing to the current
obesity epidemic. This suggests that reducing portion
size through portion control plates may have an attrac-
tive strategy to promote weight loss and weight loss
maintenance. In a recent study by Hughes and col-
leagues, students who used a portion control plate
served themselves significantly less food in comparison
to when they used a regular dinner plate.69 In another
6 month clinical trial of type 2 diabetic patients with
obesity, a dietary intervention utilizing portion control

plates produced significantly greater weight loss than
dietary teaching alone.70 Noteworthy, this weight loss
resulted in a larger percentage of patients in the control
group going off of their diabetes medications compared
to the usual care group.70 Such findings suggest that
portion control plates could be a promising method for
enhancing long-term weight loss.

Intermittent fasting

Recent reviews have highlighted the potential of less
traditional dietary approaches, specifically intermittent
fasting,54,55 to produce substantial weight and fat loss
and thereby potentially improve unhealthy age-related
changes in body composition. The two types of intermit-
tent fasting that have the most supportive evidence for
producing clinically meaningful weight loss are ADF
and TRF.55 Noteworthy, TRF approaches seemed to be
particularly effective for maintaining FFM during
weight loss. To date, only one study has tested the effects
of ADF on weight loss maintenance over 1 year and
found it was not superior to calorie restriction,186 and
no studies, to our knowledge, have tested the effects of
TRF on long-term weight loss. Thus, future trials are
needed to evaluate the potential that this eating pattern
may have for enhancing weight loss maintenance.

VIII. CONCLUSION

Although obesity is an intractable problem for most,
there remains a small percentage (but large number) of
individuals who have successfully lost substantial
amounts of weight (>30 lbs) and maintained this loss
for several years. This indicates two things: (1) success-
ful long-term weight loss with the current treatment
paradigm is possible and (2) the current treatment
paradigm does not work well for most individuals.

Despite strong evidence indicating that lifestyle inter-
vention programs involving diet, exercise, and behavior
modification can reduce risk factors for many chronic dis-
eases and improve physical function, long-term adher-
ence to lifestyle interventions to date is notoriously
low.187 Consequently, the “adherence problem” repre-
sents an important challenge to weight loss interven-
tions.187 As we discussed in this chapter, this is not due
to a failure of willpower or other character flaw, but rather
because the body defends against weight loss through a
number of different biological mechanisms, which makes
sustained weight loss extremely difficult to achieve. This
is particularly true for older adults because of the decline
in FFM, the primary driver of metabolism (or metabolic
rate), that occurs with aging. For most people, the degree
of willpower required to maintain a calorie-restricted diet
and high levels of PA in the current obesogenic environ-
ment is simply too difficult.

Activation of the metabolic switch in fuel meta-
bolism from glucose to ketones through lifestyle
habits can encourage both fat loss and muscle
retention. Unfortunately, this switch rarely
occurs in most sedentary, overweight adults.
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Ultimately, weight gain andweight regain is an energy
balance problem. Much focus to date has been on the en-
ergy intake side for both weight loss and weight loss
maintenance, but the energy expenditure side may
deserve more attention for preventing weight regain
and enhancing weight loss maintenance. We say this
because there is an inevitable reduction in resting and to-
tal energy expenditure with the current treatment para-
digm of caloric restriction and subsequent loss of FFM.
This puts the weight-reduced person in a precarious po-
sition because the moment they deviate too far from their
target calorie intake, either body fat will accumulate or
lean mass will be lost, both of which lead to unhealthy
metabolic changes. As noted above, this approach will
work but only a small percentage of the population on
a long-term basis. Thus, it is very important to carefully
evaluate what types of behavioral changes the majority
of adults are likely to adhere to over the long term.

For the reasons mentioned above, we believe a poten-
tially more efficacious approach to enhancing long-term
weight loss would be to focus on strategies to enhance
energy expenditure, rather than reducing energy intake,
following weight loss. A few notable ways in which this
could be accomplished include (1) increasing or main-
taining high-quality, FFM through increased protein
intake and resistance training, (2) increasing PA (all
types) levels and reducing sedentary behavior, (3)
temporarily increasing metabolic rate and fat oxidation

through acute exercise sessions, and (4) activating
brown fat by flipping the metabolic switch through
intermittent fasting. By enhancing both resting and
total energy expenditure through these methods, the
target calorie intake to maintain a reduced body weight
would increase to a potentially more sustainable level.

Fortunately, there is evidence that the defended body
weight can be changed by influencing hormonal, meta-
bolic, and neural functions that regulate food intake
and energy expenditure in response to weight loss.74

The success of bariatric surgery, which is the only treat-
ment to date scientifically demonstrated to produce
long-term, sustainable weight loss, attests to the poten-
tial benefits of this type of treatment approach.188 While
there a number of promising treatments that have the
potential to enhance long-term weight loss, ultimately
the best approach for a given individual is likely to be
the one that they can adhere to over time.

Our hopes for the future are that greater understand-
ing of the biology of body weight regulation will yield
new approaches. It should be a high-profile area of
research investment. Similarly, understanding how bar-
iatric surgery seems to be successful should be a priority
for research because it will drive new approaches. And
finally, we will need research in understanding how
weight loss differs from weight maintenance because
two different approaches may be needed for long-term
success.

RESEARCH GAPS

• Better phenotyping and genotyping of individuals to direct recommendations for behaviors around food
intake, so as to maximize weight loss.

• Understanding the biology of food intake and energy balance regulation and development of tools to
produce weight loss in persons whose health would benefit from weight loss.

• Understanding the biology of reactive thermogenesis (metabolic adaptation) and the biologic alterations in
hunger and satiety signals to develop tools to sustain weight loss in the reduced weight state.

• Strategies to enhance energy expenditure, both resting and total, following weight loss to promote weight
loss maintenance.

• Role of intermittent fasting and/or other lifestyle behaviors in shifting metabolism from lipogenesis (fat
storage) to fat mobilization for energy through fatty acid oxidation.
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SUMMARY

Food choices are complex decisions that are largely guided not only by perceptions of taste, cost, and
convenience but also by consumer concerns about health, safety, and increasingly, the environment. The
concept of taste refers to taste, aroma, texture, and the pleasure response to foods. The cost component
covers food prices and the relative affordability of alternative food patterns. Convenience refers to ease of
physical access to food sources and to the time spent buying and preparing food. The healthfulness of
foods has been measured using nutrient density metrics. The environmental cost of food production is
increasingly cited as a potential driver of future food choices and a predictor of future diets. While taste is
an important driver of food choices, it is not the only one. The current emphasis in public health nutrition
is on sustainable food systems and on the adequacy, quality, and, above all, affordability of the global food
supply. All too often, good-tasting empty calories are cheap, whereas nutrient-rich foods are more
expensive. Public health programs to improve nutrient density of population diets ought to consider taste,
cost, and convenience among the key drivers of food choice and food consumption patterns.

Keywords: Affordability; Convenience; Cost; Food choice decisions; Food patterns; Food systems; Health;
Nutrient density; Nutrient profiling; Taste; Variety.

I. OVERVIEW

The principal drivers of consumer food choice are
taste, cost, and convenience. Each of these domains has
its own interdisciplinary research tools, metrics, and
measures. Sensory aspects of food and its reward value
are covered by the psychology of taste and smell and
the neurobiology of the brain processes of reward. The re-
lations between food prices, diet quality, and diet cost are
covered by consumer economics. Affordability is given
by food costs in relation to household incomes. Conve-
nience has been defined as the ease of interactions be-
tween the consumer and the food environment. Though
physical aspects of the food environment such as food

deserts were once given research priority, the food envi-
ronment has even more important economic and policy
components. The relation between energy intakes, diet
quality, and health outcomes across populations has
been the topic of multiple studies in nutritional epidemi-
ology. The study of food patterns and their variety draws
on studies in ethnography, sociology, and anthropology.
Finally, measuring the environmental impact of alterna-
tive food patterns requires additional input from geogra-
phy, agricultural modeling, and studies on climate
change. Nutrition has become much more interdisci-
plinary in recent years. Effectively, present knowledge
in nutrition is being transformed into present interdisci-
plinary knowledge in food systems, nutrition, and health.
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II. INTRODUCTION

The current goal of public health nutrition is to
promote the consumption of healthy diet from sustain-
able food systems. Consumers are advised to seek out
foods that are healthy, affordable, appealing, and envi-
ronmentally friendly.1e3 The four principal domains of
sustainable diets, as defined by the Food and Agriculture
Organization of the United Nations,2 were health, eco-
nomics, society, and the environment. Reports now
define sustainable food systems as those that produce
nutrient-rich foods that are affordable, socially and
culturally acceptable, and sparing of both natural and hu-
man resources.4 Yet, taste, cost, and convenience remain
the primary drivers of food choices and therefore have
implications for the sustainability of food systems.

There are few foods (and few diets) that are simulta-
neously nutrient rich, affordable, acceptable, and planet
friendly. Paradoxes abound. In general, energy-dense
processed foods based on refined grains, sugars, and
fats are highly palatable,5 yet excessive consumption of
these foods of minimal nutritional value is at the root
of the global obesity epidemic.6e8 However, these pro-
cessed foods also tend to be affordable9e11 and widely
accessible,12,13 and their production is associated with
relatively low production of climate-changing green-
house gasses.14 Conversely, many nutrient-rich foods
have larger climate impacts,14 including sources of
high-quality protein, an essential nutrient for develop-
ment and growth, cost more per calorie,15,16 and can
have lower palatability17 and lower reward value.18

Herein lies the paradox: foods that are good-tasting,
inexpensive, and convenient have been associated with
adverse health outcomes. Conversely, foods that are
healthier and more nutrient-rich may not offer the same
reward value, can be more expensive, and are not always
available in neighborhoods with limited purchasing po-
wer. Taste, cost, and convenience are closely tied to the
quality of food patterns and the likely health outcomes.

Proposed nutrition interventions in public health
uniformly stress the need to improve the quality of the
population diet. Yet many of the interventions to reduce
sugar intakes, promote the consumption of fresh produce,
limit access to fast foods, orput taxeson snacksorultrapro-
cessed foods tend to ignore the importance of taste, cost,
and convenience in shaping food choices. By contrast, con-
sumers often cite these three factors ahead of nutrition as
the most important influences on their food choices.19

A. Background

Taste refers to the physiologic sensations of taste,
aroma, and texture1 and to the sensory pleasure response
to foods.5,20 Although sweet taste responsiveness (or lack
of it) has been linked to obesity risk in past studies, the

reality is that taste responses are highly variable and not
necessarily closely tied to body weight. Furthermore,
sweet taste responsiveness is only one of the several fac-
tors driving food choice, alongside myriad other eco-
nomic, social, and cultural variables. The underlying
assumption that food-seeking behaviors and therefore en-
ergy intakes were driven by individual taste alone was
never tenable: other factors need to be taken into account.

There are multiple steps between a person’s taste
responses, their food choices,5,20 and the risk of diet-
related noncommunicable disease (NCD). First, very few
studies have examined taste responses, food prefer-
ences, and nutrient intakes in the same subject popula-
tion. No direct association between taste function and
health outcomes can be made, and in the absence of lon-
gitudinal data, no causal pathways can be drawn. Second,
population eating habits are influenced by age, gender,
and energy needs, as well as by demographic and socio-
economic factors, making it difficult to link taste-related
variables with particular health outcomes.

B. Key Issues

The factors that influence taste responses and food
preferences operate at multiple levels. The conventional
position taken by researchers in physiology and phar-
macology is that dietary sugars and fats unleash plea-
sure, lead to drastic changes in food intake, and are
comparable in every way to drugs of abuse.18 The posi-
tion taken by economic determinism is that sugar and fat
influence food intake primarily through their wide-
spread availability and very low cost. There can be little
doubt that the global obesity epidemic owes much to the
palatability, convenience, and low cost of energy-dense
foods.5,9,21,22 Examining the physiological, economic,
and social determinants of food choices in relation to
potential health outcomes is the topic of this review.

III. TASTE, PALATABILITY, AND
SATIETY

A. Measuring Human Taste

The five primary tastes are sweet, sour, salty, bitter,
and umami. Typical tastants are sucrose (sweet), hydro-
chloric acid (sour), sodium chloride (salty), caffeine or
quinine (bitter), and monosodium glutamate (MSG)
(umami). When dissolved in water, these substances
stimulate the taste response, which can be measured
through taste acuity, taste perception, or taste preference.

Taste acuity is measured using detection and reco-
gnition thresholds for the lowest detectable amounts.
Taste perception is based on the scaling of perceived in-
tensity of more concentrated (i.e., suprathreshold) taste
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stimuli.23,24 Studies on taste and food choice also exam-
ined intensity scaling of suprathreshold solutions. Among
the methods used for intensity scaling have been 9-point
category scales, visual analog scales, the labeled magni-
tude estimation scale, magnitude estimation, and other ra-
tio scales.25,26 Intensity ratings often have used a logarithmic
scale, since taste, like other sensory systems, has sen-
sitivity to stimulus concentrations that span several
orders of magnitude. Early studies on the genetics of
bitter taste involved stimuli based on the thiourea-
containing compounds propylthiocarbamide and 6-n-
propylthiouracil (PROP), which taste extremely bitter
to some people but not to others.27,28

Most behavioral research on the impact of taste on food
choices has been on the detection and perception of sweet,
sour, salty, bitter, and umami. However, when it came to
food choices, neither taste acuity nor taste scaling pre-
dicted individual likes or dislikes for the tasted substance.
In general, humans like sweet and dislike sour, salty, and
bitter tastes; however, a great deal of individual vari-
ability has been observed.29,30 Sensory preferences for
sweet, sour, salty, or bitter solutions (or foods) have typi-
cally used a 9-point hedonic preference scale that ranged
from dislike extremely to like extremely with a neutral
point at 5 (neither like nor dislike). However, hedonic
preferences for a given taste had limited predictive value.
Preferences for sugar solutions in water were linked to
preferences for sugar sweetened beverages, but not neces-
sarily for other sweet foods.31,32

B. Sweet, Bitter, Sour, Salty, and Umami

Taste responses are critical for survival. Sweetness sig-
nals food energy, and at least for naturally sweet foods
such as ripe fruits, it also signals the presence of nutrients.
Childrenequatepalatabilitywith sweetness andselectively
consume the sweetest and the most energy-dense foods.33

For children, sweetness is one of themost salient attributes
of a food or beverage. Indeed young children categorized
foods according to whether they were familiar or sweet.33

Sweet foods and beverages are universally liked across all
cultures and by all age groups.5,20 By contrast, bitterness
signals dietary danger,34 which is why bitter-tasting vege-
tables and fruits are often rejected by children and by
pregnant women. The savory umami taste, elicited by
glutamate salts, may signal the protein content of foods.
The underlying taste receptor mechanisms have been
broadly grouped into those that function as ion channels
(salty and sour) and those that function via G-
proteinecoupled pathways (sweet, bitter, and umami).

Hedonic responses to sweetness depend on age.
While children aged 3e5 years typically show a mono-
tonic rise in hedonic ratings with increasing sweetness,
taste preferences for intense sweetness decline during
adolescence, coinciding with maturation and the cessa-
tion of growth.35,36 For most adults, 7%e10% of sugar

in water is the ideal sweetness level or “breakpoint,”
corresponding precisely to the amount of sugar in
most sugar-sweetened beverages.37,38

The notion that food choices of persons with obesity
are driven by abnormal sensory or hedonic preferences
for sweet has been most persistent. Numerous studies
tried to show that persons with obesity either fail to
perceive sweetness or are extremely sensitive to sweet
taste.39e43 However, studies using sucrose solutions,
sweetened soft drinks, or chocolate milkshakes found
no connection between preferences for sweetness and
body weight.44e46

Sweet taste can be modulated by hormones and other
signaling molecules. The activation of CB-1 cannabinoid
receptors by anandamide, an endocannabinoid, has
been shown to increase the physiological response to
sweetness.47 Sweet taste acuity was reportedly lowered
by serotonin.48 Countering this effect, the responsive-
ness of sweet taste receptors was reduced by leptin, a
circulating peptide hormone produced by adipocytes.49

Frombirth, humansdislike and reject bitter tastes,32e34 a
universal signal for potential dietary danger. The sensi-
tivity to bitter taste is highest in infants, young children,
and pregnant women who would be the groups most
vulnerable to bitter-tasting dietary toxins, and more
intensely tasting bitter stimuli are most likely to be
rejected.34 Recent studies show that the newborn infant’s
rejection of sour and bitter solutions has changed to partial
acceptance after the first year of life.50 Even so, young chil-
dren dislike bitter chocolate preferring instead white choc-
olate, a substance fromwhich all bitter-tasting compounds
have been removed. Adults learn to tolerate bitter taste
later in life, especially when the bitter taste is accompanied
by fat (chocolate), caffeine (coffee), or alcohol (beer).34,51

While plant-based diets, rich in cruciferous and other
vegetables, may be protective against cancer, active phyto-
chemicals are almost always bitter, acrid, or astringent.51,52

Chemopreventive phenols, tannins, lignans, flavonoids,
isoflavones, and glucosinolates impart a perceptible bitter
taste to many vegetables and fruit.52 Drewnowski and
Rock53 first suggested that genetic taste markers might
have an influence on the ability of cancer patients’ compli-
ance with therapeutic diets that were phytonutrient-rich,
namely bitter-tasting vegetables and fruit. Based on previ-
ous research,54,55 bitter brassica vegetables, such as Brus-
sels sprouts, cabbage, spinach, and kale, are often
disliked the most.52

Interest in the genetic basis of bitter taste sensitivity
has been systematically explored using two bitter com-
pounds: phenylthiocarbamide and PROP. Individual
taste sensitivity to these compounds is an inherited trait
with an identified genetic basis.56 The ability to taste
phenylthiocarbamide/PROP has been associated with
higher sensitivity to selected bitter compounds and
with aversions to some bitter foods.57 While studies
have been able to link PROP taster status to taste
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responses to some bitter foods and some food prefer-
ences, associations with food consumption patterns
and diet quality have been less consistent27 with greater
PROP sensitivity associated with both lower58 and
higher59 dietary quality compared to people with less
sensitivity to PROP. The argument that “supertasters”
of PROP were at lower risk for heart disease because
of their alleged dislike of the texture of dairy fat60 has
not been supported by studies of fat consumption in
controlled feeding studies.61 In a sample of women,
PROP tasters did not consume less fat but did consume
fewer calories overall at a buffet meal, compared to non-
tasters.61 However, another study of dietary patterns,
biomarkers, and BMI of over 350 women found no
link between PROP taster status and nutrition and
health outcomes.62 The lack of consistent associations
between PROP sensitivity and dietary habits suggests
that many moderating and mediating factors are inter-
posed between the taste acuity measures and food-
seeking behavior.27 Moreover, being highly sensitive to
PROP might also reflect heightened sensitivity to other
taste and texture stimuli.63,64

Sour stimuli and sour-tasting foods are instinctively
aversive.65 Sourness in foods is associated with acid con-
tent, which can be higher in foods that have spoiled.
However, fresh fruit can also be sour. Studies have
linked greater sour preference in children to the con-
sumption of fresh fruit,66 suggesting the potential value
of increasing sour taste preferences among children.
While repeated exposure over a period of 8 days was
not effective,67 adding sugar to sour solutions did
work.68 Other research indicates that, at least for chil-
dren, a liking for very sour tastes may be part of a
broader acceptance toward novel and intense stimuli.69

The taste for salty foods is partially a reflection of
homeostatic requirements for sodium, which is
continuously excreted into the environment. Taste re-
sponses to sodium chloride can be modified when
dietary sodium intake is restricted through medication
or diet, with liking for salty stimuli rising to salt levels
that would be aversive under normal, nondepleted con-
ditions.70 Depletion induced by drugs or exercise can
also induce liking for salty foods71 and can induce
conditioned preferences for flavors paired with the
saltier tastes.72 The liking for salty taste thus appears
to be dynamic, responding to physiological demands.

Aperson’s sensitivity and liking for salty tastemayhave
implications for health. For instance, in some studies,
higher sodium recognition thresholds were associated
withhypertensionandhistoryof type-2diabetes.73,74 How-
ever, sodium recognition thresholds are not consistently
associated with either liking for salty taste or with the
amounts of sodium consumed.75 Shifts in liking for salty
taste can occurwithout changes in detection or recognition
thresholds.75e77 Other studies have failed to link liking for
salty state with a higher risk of hypertension.77

Observations that the liking for salty taste could be
modified by the levels of dietary sodium has led the
2010 Dietary Guidelines to suggest that the best
population-based approach to lowering sodium intake78

would be a systematic and gradual reduction to the so-
dium content of processed foods.79 That approach was
largely based on one study showing that limiting dietary
sodium to 1600 mg/day led to heightened preferences
for unsalted foods and lower hedonic ratings for salty
soups.76 The same study, based on participants undergo-
ing treatment with diuretics, showed that participants
added lower amounts of table salt to unsalted soups.
The current Dietary Guidelines call for reducing sodium
intakes to less than 2300 mg per person per day.
Reducing dietary sodium gradually over time can allow
consumers to adjust taste preferences to the lower level
of sodium in their habitually consumed foods.80,81

Together with salt taste, umami contributes to the
savoriness of foods. For over 100 years, glutamate salts
including MSG have been used to evoke the umami
taste, enhancing the sensory quality of certain savory
foods.82 The identification of a G-proteinecoupled re-
ceptor83 established umami as a distinct taste pathway.
Laboratory-based sensory studies have shown that
MSG can potentiate the perceived savoriness of foods
and improve hedonic response overall.84e89

The umami taste may be important for signaling
nutritional characteristics of foods. Glutamate salts are
related to glutamic acid, an amino acid integral to food
proteins.90,91 Protein hydrolysis that occurs during
fermentation and aging can release free glutamate.92

For example, free glutamate is found in abundance in
soy sauces, aged cheeses, and even some fresh foods
such as tomatoes and shellfish. Foods that are higher
in protein or higher in free glutamate may be favored
by persons with greater sensitivity to MSG.93

The flavor-enhancing effects of MSG and other gluta-
mate salts could promote food consumption, but evidence
thatMSG is associatedwith excess energy intake ismixed.
In short-term experimental studies, no significant differ-
ences in hunger ratings ordifferences in subsequent energy
intake were observed following MSG supplemetation.94

In other studies, adding MSG to foods led a selective
increase in the consumption of those foods but did not
increase the total food energy consumed.95 In still other
studies, the addition ofMSG led to higher energy intakes
at the next meal96 or had no effect.97,98 While some have
found a negative relation between MSG consumption
and body weight,99e101 others have pointed to a link be-
tween MSG consumption and weight gain.102e104

C. Sensory Response to Fats

Fats endow foods with their characteristic taste and
texture and contribute to the overall palatability of the
diet. The first sensory response to fat involves perception
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through the nose or mouth of fat-soluble volatile flavor
molecules. Oral perception of fat content has been
described as sensitivity to food texture as sensed by
the oral cavity during chewing or swallowing.105 This
form of fat perception is akin to somatosensation, medi-
ated by nerve endings responsive to pressure or pain.106

Other mechanisms of chemosensation have been impli-
cated, involving G-proteinecoupled receptors, lipid
transporters, and potassium channels inhibited by free
polyunsaturated fatty acids.107e109

The orosensory experience evoked by fat depends on
the food product. In dairy products, fat takes the form of
emulsified globules that are perceived as smooth and
creamy. Water-binding qualities of fat account for the
tenderness and juiciness of steaks and the moistness of
cakes and other baked goods. Heat transfer at high tem-
perature gives rise to food textures that are crispy,
crunchy, and brittle. Among textural qualities that
depend on the fat content of foods are hard, soft, juicy,
chewy, greasy, viscous, smooth, creamy, crunchy, crisp,
and brittle. Generally, high-fat content of foods has
been a desirable sensory feature and one that is often
linked with higher product quality by the consumer.
Sensory preferences and consumption patterns are often
linked. People seem to like the foods they already
consume. As with salt preferences, self-reported prefer-
ences for fat in foods may be influenced to some extent
by the amount of fat in the habitual diet.110

Fat potentiates the hedonic response to sweetness. A
1983 behavioral study found evidence for hedonic syn-
ergy by using 20 different mixtures of dairy products
of different fat content and sweetened with different
amounts of sugar.38 Peak hedonic ratings were obtained
for stimuli containing 20% fat and 8% sucrose by weight,
corresponding to whipping cream with sugar.38 These
studies made early use of response surface methodology
and three-dimensional projections of the hedonic
response surface. These findings of a hedonic synergy
for sugar and fat mixtures were later extended to sweet-
ened cream cheese, the French creamy white cheese
fromage blanc, cake frostings, and ice cream.

More recently, a 2019 study using repeated measures
functional magnetic resonance found that the neural
response to palatable fatesugar mixtures was associated
with weight gain.111 Weight -gainers exhibited greater
decreases in activation in the anterior insula and lateral
orbitofrontal cortex in response to a high-fat/high-sugar
compared with low-fat/low-sugar milkshake than those
who remained weight stable. Exposure to low-fat/high-
sugar as compared with a low-fat/low-sugar milkshake
did not distinguish between the two groups. The study
concluded that blunted brain responsiveness of regions
associated with the taste and reward value of high-fat
and high-fat/high-sugar foods was the cause of weight
gain. The notion that obesity is caused by a taste (and
more recently) brain dysfunction is as popular as ever.

D. Palatability and Satiety

Satiety is one among many mechanisms regulating en-
ergy balance.112 Palatability and satiety have opposite ef-
fects on food intakes. While palatability increases appetite
and therefore food consumption, satiety limits consump-
tion by reducing meal size or by delaying the onset of the
next meal.22 As such, both palatability and satiety help to
adjust energy intakes to energy needs. However, in exper-
imental studies, both palatability and satiety tend to be
measured in terms of the amounts of food consumed.
As a result, the foods that are overeaten are by definition
the most palatable and the least satiating.5

Standard measures of palatability include the per-
ceived pleasantness of a given food, intent to eat, or
the amount of food consumed. Among standard mea-
sures of satiety are reduced hunger, fullness, reduced
intent to consume a meal or a snack, or the amount of
food consumed. Some investigators have made a
distinction between satiety and satiation.26 While satia-
tion is responsible for the termination of a given meal
and reduced meal size, satiety, defined as a state of
internal repletion, delays the onset or reduces the size
of the next meal.

Increased satiety has also been measured in terms of
reduced palatability. Sensory-specific satiety was specif-
ically defined as reduced palatability of the just-
consumed food relative to other foods.5 In other words,
given the reciprocal nature of palatability and satiety
measures, the most palatable foods are by definition
the least satiating and vice versa.

The low satiating power of energy-dense sweet
and fat-rich foods has been singled out for special
scrutiny.113,114 Some researchers have argued that the
palatability of sugar overrides normal satiety signals,
leading to overeating and overweight.115 Others have
noted that fat had low satiating power, judging by the
“passive overeating” of fat-rich foods.116 One question
is whether palatable fat-rich foods are overeaten because
of their high energy density or because of their fat con-
tent.116 If satiety is macronutrient driven, fat may be
overeaten because it affects satiety less than a corre-
sponding amount (in kcal) of carbohydrate or protein.
The creation of palatable and yet highly satiating foods,
the avowed goal of the weight loss industry,5 may repre-
sent a contradiction in terms.

E. Hedonic Responses and Food Liking

Intensity and hedonic ratings for the same taste stim-
uli follow different psychophysical curves. Laboratory
studies have generally tested hedonic ratings for sugar
solutions, sweetened lemonade, salted soups or tomato
juice, or mixtures of milk, cream, and sugar. However,
studies have shown that taste preferences for sweet
and salty tastes in aqueous solution were not a good pre-
dictor of self-reported liking for sweet or salty foods.26
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Industry studies on the taste acceptability of more com-
plex foods, conducted in commercial sensory evaluation
labs, generally asked respondents to rate the accept-
ability of flavor, color, and texture, as well as the overall
acceptability of the food product.117 The key measure of
liking has been the 9-point hedonic scale, commonly
known and the hedonic preference scale.20

Food preferences are said to predict food consump-
tion. However, people may have positive attitudes
toward the foods they already eat so that food prefer-
ences may merely be a reflection of existing eating habits.
For instance, a study of school children found that higher
liking for vegetables and fruit was associated with higher
consumption.118 Given cross-sectional nature of study de-
signs, it may be that higher consumption led to the re-
ports of higher liking.119 Another key limitation of the
research is how preferences were assessed. Many studies
of food likes and dislikes employed not actual foods but
printed lists of food names. Such tools merely capture re-
spondents’ attitudes toward a verbal concept of a given
food, since the food itself was never presented.

Taste preferences and food choices differ over the life
course and in relation to our physical conditions.33,72,120

Preferences and aversions are modifiable by growth,
maturation, and hormonal status.121e123 Both taste pref-
erences and food choices are further shaped by prior
experience and associative learning. Preferences for
aversive tastes including bitter (caffeine), alcohol, and
hot spices are all said to be the result of associating the
often unpleasant taste with the desirable postingestive
consequences.124 A previously neutral or even unpleas-
ant taste can become preferred, provided it is linked
with a suitable mechanism of reward.

IV. TIME, MONEY, AND HEALTH

A. Food Prices and Dietary Costs

Consumer food choices are economic decisions made
in response to taste, reward value prices, incomes, time
constraints, and the perceived nutritional value of foods.
Taste response or the liking for foods alone does not al-
wayspredictpurchase intentor actual consumerbehavior.
Consumptionpatterns are also influencedbyprice, conve-
nience, safety, and nutritional concerns.124,125 Other de-
mographic, cultural, and socioeconomic factors also
modulate the connection between taste responsiveness
and food choice.

Food cost is a dominant factor guiding food selection.
Disparities in food prices and the costs of diets contribute
to the observed disparities in health outcomes by socioeco-
nomic status.126 Several economic studies have made
the association between the declining monetary and
time cost of food and rising obesity rates.127,128 Those
studies pointed to the widespread availability of palatable

energy-dense fast foods, the entry of women into the labor
force, and lower physical activity associated with
work.128,129

Even though expenditures on foods as a proportion of
household budgets have steadily declined over the last
50 years,130 not all foods have become equally afford-
able. There is a growing price disparity between the
low-cost, energy-dense foods based on refined grains,
added sugars, and added fats and the more nutrient-
dense foods including lean meats, dairy products, whole
grains, and fresh vegetables and fruit that are generally
more expensive.11,131,132 Providing adequate empty
calories has become cheaper than providing more
nutrient-rich foods.

Further, healthier foods are not always available in
economically disadvantaged areas with reduced food
budgets and lower purchasing power.12,133 Unequal ac-
cess to affordable healthy foods is another barrier to
the adoption of healthier diets by low-income groups.
Disparities in food access, together with decreasing
time devoted to food preparation and consumption by
working households, may help explain some of the
observed disparities in health.134,135 Identifying food
patterns that are nutrient rich, affordable, and appealing
should be a priority to fight social inequalities in nutri-
tion and health.

The nature of the relation between diet quality and
diet cost has important implications for the study of di-
ets and disease risk as well as for food security and pub-
lic health.9,136e139 If diets that can help prevent disease
are more costly than unhealthy diets, then diet-related
socioeconomic inequities in obesity and health may be
challenging to overcome with information and encour-
agement alone. That inequities in diet at least partly
explain inequities in health is not new,140,141 but the
notion that the higher cost of healthier diets may present
a structural barrier to the adoption of healthier diets by
populations with fewer resources is newer.142,143

Studies have found that diets that are higher in nutri-
ents of public health concern, such as potassium, fiber,
and calcium, were associated with higher consumer
food costs.144,145 Similarly, diets that met food- and
nutrient-based targets in the United Kingdom were sys-
tematically more costly than diets that failed to meet
these targets.146e148 For example, U.S. diets that were
more costly, in terms of dollars per 2000 kcal, were
more closely aligned to the Dietary Guidelines for
Americans, as measured by the Healthy Eating Index
(HEI) compared to cheaper diets (Fig. 10.1).149,150 Diets
that were more accordant with the Dietary Approaches
to Stop Hypertension were more costly than diets that
were inconsistent with this healthy dietary
pattern.151,152 More diverse diets, which were associated
with lower risk of type-2 diabetes, were substantially
more costly than more homogenous diets, which were
associated with higher diabetes risk.153 Yet, following
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other evidence-based dietary patterns may not neces-
sarily be more costly for consumers. For example,
some studies have found that diets that adhered to the
Mediterranean diet pattern were more costly,154 while
others have found that cost was not associated with
following this pattern.155,156

While spending more money does not guarantee a
healthier diet, reducing food costs below a certain limit
virtually guarantees that the resulting diet will be
nutrient-poor.157 One key question is whether palatable,
low-cost, energy-dense diets are associated with higher
energy consumption overall? In other words, can BMI
values be linked directly to food prices and to diet costs,
after adjusting for covariates? Although some preliminary
data on diet quality and diet cost are available,158,159 the
answers to all these questions are far from clear.

B. Time and Convenience

The pursuit of nutritious food and healthy eating by
consumers may conflict with time constraints and the
need for convenience. In the United States, social and
economic trends have coincided with less time allocated
to food preparation and a greater demand for conve-
nience, with time spent in home food preparation
declining by more than one-third between 1965 and
2008.160 Although there are signs of a slight increase in

time allocated to cooking in recent years,161 Americans
now spend an estimated 37 min per day engaging in
all aspects of cooking and food preparation, including
cooking, serving, and cleaning up afterward.162

Although home-cooked, family meals are widely
deemed to be integral to healthy diets, time scarcity may
undermine these habits. Cooking freshly prepared meals
at home requires a time commitment that many cannot
afford, given time poverty and competing demands.163,164

For example, working parents earing low wages consid-
ered family meals important but often served their fam-
ilies foods that were fast and easy to prepare,165

including hot dogs, pizza, and macaroni and cheese.166

Research on low- and middle-income working parents
showed that they coped with time pressures by relying
more on take-out and restaurant meals and basing family
meals on prepared entrees and other quick options.167

The need for convenience may also be at odds with rec-
ommendedmeal plans that are optimized for nutrition and
affordability. Economic analyses of the USDA’s Thrifty
Food Plan have found that these nutritious, low-cost meal
planswere time-intensive toprepare andmuchmore costly
when time was explicitly included in analysis.134,135,168

Attitudes toward and convenience have been shown to
affect diet quality.126,169e174 For example, in the US
Continuing Survey of Food Intake by Individuals (CSFII
1994e96), prioritizing convenience over nutrition in foods
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was associated with lower quality diets and higher con-
sumption of fats, added sugars, and sodium.126,169 Simi-
larly, studies from Finland and the United States found
that adults who prioritized convenience consumed fewer
fruits and vegetables, more energy-dense foods,175 and
more fast food176 and had lower overall dietary quality.177

Having the skills, time, and other resources to forgo con-
venience and prepare food at home may hold the key to
affordable, yet nutritious diets. For example, a study of
US adults found that those who more frequently engaged
in food preparation at home spent less money on food
overall, yet had healthier diets, as indicated by the HEI-
2010.178 Fig. 10.2 shows howHEI-2010 scores and compo-
nents varied with frequency of cooking at home for this
sample of adults.

C. Nutrient Density and Health

Ideally, the food supply should offer foods that are
nutrient-rich, healthful, affordable, culturally appropriate,
and appealing.2,4,179 Balancing innate human preferences
for sweet and energy-rich foods with population health
goals has been a challenge.180 It has become a matter of
public health concern that low-income consumers in
high-income countries are over -supplied with low-cost
calories while falling short of some key nutrients.181

Many populations suffer from chronic deficiencies in
high-quality protein, vitamin A, calcium, iron, and zinc.

Here we review the concepts of nutrient density and
the nutrients-to-energy ratio, as they apply to public
health nutrition. Ways to improve the nutrient density
of individual foods and the total diet include product
(re)formulation, fortification, and reshaping of food
industry product portfolios. The manipulation of the
nutrients-to-energy ratio, without substantially increasing
food cost, is more effectively achieved with processed
as opposed to fresh foods.

Energy density of foods is defined in terms of kcal per
unit weight or volume.21,182 The range of energy den-
sities runs from 0 kcal/100 g (water) to 900 kcal/100 g
(oil). For the most part, energy-dense foods that are
dry are foods. Water in foods provided weight and
bulk but no dietary energy and no nutrients. While
sugar and fat can contribute to energy density, it is
largely an inverse function of the foods water content.
Dietary energy density is defined as calories per total
weight of all foods and caloric beverages consumed. In
general, water and noncaloric beverages are excluded
from dietary energy density calculations.

In many studies, excess consumption of energy-dense
foods of low nutritional value has been linked to an
increased risk of obesity183 and related NCDs.184e186

Economics may hold part of the key for solving the
dilemma. “Empty” calories that are nutrient-poor calo-
ries cost less, while naturally nutrient-rich foods can
cost more.16,131,132 Obesity and poverty may be linked
by the low-cost, high reward value and easy access to
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energy-dense foods.9 Supplying sufficient dietary en-
ergy while avoiding caloric excess and improving
nutrient-to-calories ratios for key nutrients are twin pri-
ority areas for the food industry and for public health.

Nutrient profiles of foods have been used as a basis for
targeting fiscal or informational interventions. For
example, some countries have imposed taxes on snacks
with energy density in excess of 275 kcal/100 g.187 Others
have placed warning labels on foods where energy
exceeded 200 kcal per serving.188 Energy density may
not have been the main point, since loweenergy density
sugar-sweetened beverages have also been the target of
taxes, though these measures are usually predicated on
the low nutrient density of these beverages.188e190 Foods
containing added sugars and fats have been under scru-
tiny as possible candidates for regulation and
taxation.189,191,192 Nutrition and health claims and re-
gulation of marketing and advertising to children have
emphasized a food’s nutrient density and a favorable
nutrient profile.193

Nutrient density is usually defined as the ratio of nu-
trients to calories. It is measured in terms of amounts of
selected key nutrients per reference amount of food,
where the latter is 100 kcal, 100 g, or a serving. While
the US Food and Drug Administration has defined serv-
ings as Reference Amounts Customarily Consumed, no
government-mandated serving sizes exist in the Euro-
pean Union at this time.194 Generally, energy density
and nutrient density are inversely linked.15,132

Nutrient profiling (NP) of foods is the technique used
to assess nutrient density by scoring the content of foods
against health objectives such as dietary recommenda-
tions.195 Several NP models and scoring systems have
been developed by researchers, regulatory agencies,
and by the food industry. Some of these tools have
focused on nutrients to limit: usually saturated fat, sugar
(added or total), and salt, which are often consumed to
excess in comparison to recommendations. Other NP
models have emphasized shortfall nutrients, those
consumed in inadequate amounts. Some models have
balanced the beneficial nutrients to encourage with nu-
trients to limit. In these NP classifications, each food
was assigned a single score that best reflected its nutri-
tional quality overall.196 Science-driven scores and
indices may be helpful for consumers in making better
food choices and may also assist the food industry in
designing and promoting healthier food items. With
few exceptions, existing NP models have focused on
scoring individual foods without considering different
meals, menus, or the whole diet.193,197,198

Two approaches to validating NP models have been
suggested. For example, construct validity of theNutrient
Rich Foods (NRF) indexwas establishedwith reference to
an independent measure of a healthy diet.199 An alterna-
tive approach was to validate a different NP model
(SAIN,LIM) against dietary guidelines using linear pro-
gramming.200 The NRF system also benefited from a pre-
dictive validity test: higher NRF scores were linked to
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reduced mortality in the Rotterdam Cohort Study.201

Nutrient density typically varies inversely with energy
density. Fig. 10.3 illustrates the interrelation between
nutrient density, based on the NRF score, and energy
density for 1603 foods consumed in the United States.

Nutrient profile models are often tailored to specific
public health goals. For example, NPmodels have become
the basis for regulating health and nutrition claims,
front-of-pack labels, marketing and advertising to chil-
dren, and for taxation of selected foods and food
groups,193,202,203 as well as measuring and monitoring
nutritional quality in food banks.204 The food industry
has used nutrient profiles to (re)evaluate and (re)formu-
late their product portfolios.198,205,206

Improving the nutrient-to-energy ratio of processed
foods would be a major step forward toward better pub-
lic health.207 Here, the food industry has improved the
product nutrient density by reducing energy from
added sugars and saturated fats. Fortified foods also
improve nutrient-to-energy ratios. However, if the
concept of nutrient density is to be translated into effec-
tive dietary guidance, it is necessary to ensure that the
more nutrient-rich foods do not cost more.

V. CONCLUSION

The last 20 years of nutrition research have seen a
shift from biological determinism of dietary behavior
to a wider appreciation of multilevel determinants of
food choices and diet quality. Academic research is
now playing catch-up with the food industry, which
has long understood that consumer food choices are
largely motivated by pleasure, cost, and convenience.
Only by understanding these drivers of dietary behav-
iors can nutrition professionals hope to develop effective
interventions, programs, and policies that might lead to
healthier eating habits. With consumers also increas-
ingly concern about the environmental implications of
food choices, nutrition professionals, including re-
searchers and dietitians, will need to appreciate how
some food choices that may be good for health may
not necessarily be environmentally sustainable. Collabo-
ration and coordination of research and policy across the
food system will be necessary to identify and promote
foods and dietary patterns that are appealing and
affordable to consumers and still are nutritious and
sustainable.

RESEARCH GAPS

Current research and knowledge in nutrition increasingly draw on studies in social, environmental, and climate
sciences to complement biology, physiology, and behavior. The concepts of personal, population, and planetary
health, introduced in the Giessen Declaration,208 have opened the door to multidisciplinary research on the rela-
tion between food systems and health.

First, the research focus has shifted from the relation between individual nutrients and disease outcomes to
territorial food patterns and food-based dietary guidelines. However, while nutrients can be obtained from
different cost sources, the inclusion of specific foods in healthy dietary patterns is likely to be associated with
a corresponding higher cost. While empty calories are relatively inexpensive, the more nutrient-rich foods
and food patterns are likely to cost more.6 Attitudes toward food have also changed. Although taste, cost,
and convenience still drive food choices, there are growing concerns with social values, with cultural and ethical
norms, and about sustainability and animal welfare. Mixed methods studies should combine epidemiologic
research on dietary intakes with social and ethnographic studies on motivations, ambitions, and desires.

There is also a need to explore diet quality in relation to food prices, diet costs, and household incomes. The
evolution of the food supply over the past 100 years was shaped in part by rapid urbanization and the entry of
women into the labor force.128,129,209 The food chain had lengthened as urban dwellers have become more
remote from the food supply,210e212 relying increasingly on processed foods and foods eaten away from
home. Policies and actions aimed at improving one aspect of the food system may have broad-ranging and un-
intended side effects. Product reformulation may not only improve nutrient content but also affect palatability
and price. Healthier, more sustainable diets may be less affordable and may be economically out of reach for
low-income populations.213 Taxes on low-cost foods can represent regressive taxation. In crafting interventions,
it is important to consider potential impacts on the entire food supply chain including, but not limited to, nutri-
tional and health considerations.214,215

These research gaps can only be filled by interdisciplinary studies on food systems, nutrition, and health. Pub-
lic health interventions to improve diet quality and nutritional status will need to account for the multilevel de-
terminants of dietary behavior, including the social and environmental factors that are known determinants of
obesity and health.216
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SUMMARY

Nutrient or Food Composition Databases (FCDB) are developed to provide a source of reference for the
many constituents found in the foods consumed by humans. Among the many use of these databases are
assessing dietary intake of populations, nutrition research, development of health policy, and nutrition
education. In addition, the food industry provides and uses data from these databases for nutrition la-
beling programs and product development. Data are the result of chemical analysis, calculations, or es-
timations/imputations. The steps needed to develop a program for the analysis of foods are described in
detail. Other sources of analytical data include the scientific literature and work performed at other in-
stitutions, i.e., government agencies, trade associations, and food companies. Procedures for evaluating
data from other sources are also described. FoodData Centralda resource for FCDB developed and
maintained by United States Department of Agriculture and released in 2019dis also described. The
chapter concludes with a discussion of future directions for FCDB.

Keywords: Food composition databases; Nutrient analysis; Nutrient databases.

I. INTRODUCTION

Nutrient databases or Food Composition Databases
(FCDB) have a long history andwere developed to estab-
lish representative values for use in dietary assessment
and providing dietary guidance to large population
groups. They are not suitable for providing a precise esti-
mate of dietary intake by an individual, for example, for
use in a clinical study or for giving dietary advice inmed-
ical situations. However, they can provide useful
estimates in these cases, particularly for planning pur-
poses. Each analysis is a snapshot in time of the composi-
tion of a particular food sample. So, if one acquires a
sample of the same food several weeks or months later,
it may be the same food, but it is not the same sample,

and its composition can be very different. Therefore,
one cannot rely on a single sampling of a food, but
must collect a statistically suitable number of samples,
to ensure that one can generate estimates of variability
to go along with the mean value. The number of samples
required will depend on both the variability of the food
and the nutrients within the food. For example, a highly
processed food like a ready-to-eat breakfast cereal will
require fewer samples than a fresh piece of fruit.

In the future, personalized nutrition would allow one
to point a handheld scanner at a food sample and have
the complete nutrient profile of the food displayed and
stored, and dietary recommendations made based on
synchronized personal medical information. Of course,
such scanners must be programmed to not include
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inedible components, such as bones, rinds, seeds, etc.,
which depend on the food or preferences of the person
consuming the food. Some seeds are consumed, while
others are not. Some people will eat the peel on certain
fruits, while others will not. A scanning device will
need to look at the entire edible portion of the food, as
composition can varywithin a food. If the food is scanned
in themarket, the scanner has to omit any packaging in its
measurement. Once such a scanner is built and the
sampling problems solved, we may not need nutrient
databases. Until then, nutrient databases must be accu-
rate, comprehensive, and representative of foods in the
United States (US) food supply, so that scientists, govern-
ment policy makers, educators, health professionals, and
the general public have the required food composition
data to make sound decisions in order to meet their
diverse needs. New FCDB, with connections to data on
specific agricultural information, will also become avail-
able, enabling further research.

The production and processing of agricultural com-
modities constitutes major portions of our global econ-
omy as well as human well-being. Nutrient and FCDB
are intricately woven into these areas and used for a
variety of purposes relating to nutrition and dietetics
including nutrition monitoring, research, nutrition and
health policy, and education. (Fig. 11.1). Dietitians and
researchers use FCDB to provide dietary advice to
clients, assessing dietary intake of populations, and
designing meal plans for patients as part of a healthcare

environment. In addition, the food industry provides
and uses data for and from these databases for nutrition
labeling programs and product development. Govern-
ment agencies use these data to determine nationwide
estimates of nutrient intake1,2 and to develop dietary
guidelines.3 These databases contain many compounds
found in foods beyond those classically defined as nutri-
ents, such as carotenoids, tocopherols and tocotrienols,
menaquinones, flavonoids, and choline metabolites as
well as information related to the food samplesdor
metadata. While some forms of these compounds act
as vitamins and are theorized to have potential health
benefits, the metabolic roles for others are yet to be
determined

In the early 2000s, the World Health Organization
(WHO)5 reported that up to 90% of diabetes, 80% of
CHD, and one-third of all cancers could be prevented
through physical activity and dietary behaviors. An up-
date issued in 2015 suggested that noncommunicable
diseases (NCDs)dcardiovascular diseases, cancers, res-
piratory diseases, and diabetesdstill accounted for 82%
of deaths worldwide.5 While the distribution of diseases
may vary globally, it is clear that improving personal
nutrition, which depends upon knowing the composi-
tion of foods in the diet, along with increases in physical
activity, is important in the monitoring and reduction of
NCDs.

Agriculture, food production, monitoring, and research
in nutrition/health outcomes include the processes behind

FIGURE 11.1 Food composition datadthe base for a multitude of nutrition activities.4
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the raw materials and processing and food science that
connects raw commodities to the wide spectrum of
different foods available in the food supply.6 These pro-
cesses impact the chemical composition of foods and the
determination of the amounts of individual components
included in FCDB or tables. The United States Department
of Agriculture (USDA) databases are the foundation for
other databases, both nationally and abroad; they are
used in research, nutrition education, and nutrition moni-
toring and policies. Food composition database uses are
multidimensional, serving not only the above but also as
a tool to serve a wide consumer base. FCDB are important
in national and world trade, especially considering the di-
versity of foods now available globally. In addition,
commodity-level foods are sold based on specific
components and, in some cases, components that may
yield information about contamination or adulteration.
In many countries, use of dietary supplements has
increased significantly, and, since this contributes to
nutrient intake, they become an important complement
to FCDB. Many standards for acceptance of foods into na-
tional and international food supplies have been estab-
lished, e.g., the USDA School Lunch Program foods
(https://www.fns.usda.gov/nslp/national-school-lunch-
program-nslp) and many from Codex Alimentarius
(http://www.fao.org/fao-who-codexalimentarius/en/),
a set of international food standards, guidelines, and codes
of practice for globally traded foods.

It is important to consider the limitations present in
FCDB, so they may be used appropriately and remain
a valuable tool for these applications. Most FCDB are
published electronically, though abbreviated versions
are often available in hard copy for nonprofessional
uses. The development of accurate and comprehensive
FCDB is a complex and demanding task requiring
knowledgeable scientists and a well-thought-out analyt-
ical program, which insures that key research questions
are addressed.

II. BACKGROUND

A. Food Composition Tables

With the development of analytical methods to
determine the nutrient content of foods during the
1800s, tables of food composition were assembled to
meet the needs of the burgeoning science of nutrition
and related fields. These early tables included only the
proximate components (protein, fat, moisture, and
ash)dcarbohydrate was determined by difference.
Also included was what we now know as crude fiber,

which was defined as the nondigestible component of
carbohydrates. In 1892, Atwater and Woods7 published
the first table of composition data in the US for 178
food items. 1n 1950, USDA published “Composition of
FooddRaw, Processed and Prepared,” also referred to
as Agriculture Handbook No. 8 (AH-8). This publication
was revised and expanded in 1963. Starting in 1976, a
complete overhaul of AH-8 began, resulting in 21 sec-
tions by food group plus 4 supplements to update and
expand previously released tables.

As the files were getting too large for floppy disks
or keypunch cards and magnetic tapes were also infre-
quently used, these were phased out as users moved
to personal computers. First available on floppy disks,
and more recently CD-ROMs, FCDB are now available
for downloading on the Internet.

As each section of AH-8 was released in hard copy, a
corresponding release of the USDA National Nutrient
Database for Standard Reference (SR) was made avail-
able. After 1992 with the last of AH-8 supplements,
hard copy updates ceased and all updates to the data-
base occurred with annual updates to SR. These
continued through SR28 (2016). Periodically, additional
food components were added to the database with sub-
sequent release of the database. Some were made due to
changes in the DRI’s published by the National Acade-
mies, such as different forms of folate. Others, such as
choline, were added to meet expanded research inter-
ests. The final release of SR was made in 2018 and is
known as SR Legacy. A large number of nutrient data-
bases have been developed globally, and, given the
complexity of these databases and the resources needed
to create them, source databases are most often devel-
oped by national organizations affiliated with govern-
ment agencies. In the US, this activity is hosted at the
Beltsville Human Nutrition Research Center, part of
USDA’s Agricultural Research Service (ARS).

One compilation of food composition database is the
International Nutrient Databank Directory, developed by
the National Nutrient Database Conference.8 This Direc-
tory lists most US databases, as well as a number of in-
ternational ones, and consists of voluntary submissions
from database developers. There is a host of commercial
composition databases that use USDA FCDB as their
foundations. Another useful international compilation
of FCDB developed in other countries is maintained by
FAO/INFOODS.9 Behind each FCDB are database man-
agement systems of varying complexity. These are used
to generate electronic files that can be downloaded by
interested users, who can then query the database to
find the information they need. The databases can also
be used to create printed reports, though a complete
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report of a large database may contain thousands of
pages and as a result be difficult to use. In these cases,
abridged versions of the large databases are available
in printed forms that are easier to use.

B. Food Components

The nutrients covered by the various food composi-
tion tables and databases have changed over the years.
The first tables contained only proximates. Various min-
erals and vitamins were added as their role in nutrition
was identified, and analytical methodology was devel-
oped to determine their amounts in various food stuffs.
The multivolume version of AH-8 also included data on
amino acids and fatty acids. The number of nutrients
increased over the years (Table 11.1) as research and
public health interest emphasized the need for data on
the content of these nutrients in food composition tables
and databases.

The definition of fiber also changed over the years, start-
ing out as crude fiber. In 1989, neutral detergent fiber was
reported through 1992. Starting in 1990, total dietary fiber

by the enzymatic-gravimetric method was reported
(AOAC985.29, 991.43).10 Nutrient Databases have changed
over the years to reflect these shifting definitions and as
analytical methods have been developed to accurately
determine the amount of dietary fiber in foods as defined.

Sugars are a large category of chemical compounds.
For food purposes, the 6-carbon mono- and disaccha-
rides are the most common. Monosaccharides or simple
sugars are comprised of glucose, fructose, and galactose.
The disaccharidesdsucrose, lactose, and maltose,dare
made of two of the monosaccharides. Sucrose is made
of a molecule of glucose and fructose; lactose is made
of a molecule of glucose and galactose; while maltose
is composed of two molecules of glucose. For labeling
purposes,11 total sugars are defined as the sum of these
mono- and disaccharides.

Folate is a B vitamin found in several forms with
differing biological activities. According to the National
Academies,12 naturally present food folate is equivalent
to 1 ug dietary folate equivalents (DFE), while added
folic acid is equivalent to 0.6 ug DFE. Accordingly, it is
necessary to perform these calculations to properly

TABLE 11.1 Nutrients in Food Composition Databases (FCDBs).

Customary nutrients

Less common nutrients/compounds often found in separate

databases or publications

Proximates:
Moisture (water)
Protein
Total lipids

Total saturated fatty acids
Total monounsaturated fatty acids
Total polyunsaturated fatty acids

Carbohydrates
Starch
Sugar
Dietary fiber

Ash

Individual amino acids
Individual fatty acids
Individual sugars

Minerals:
Calcium, iron, magnesium, phosphorus, potassium, sodium, zinc,
copper, manganese

Selenium, iodine, aluminum, chloride

Vitamins:
Thiamin, riboflavin, niacin, pantothenic acid,
vitamin, B6, vitamin B12, folate, vitamin E (ɑ-tocopherol),
vitamin K, (phylloquinone)

Folate vitamers, choline and their metabolites, biotin, tocopherols
and tocotrienols, dihydrophylloquinone and menaquinones

Bioactive compounds:
Flavonoids

Flavones
Flavonols
Flavan-3-ols
Flavonones
Anthocynadins
Isoflavones
Proanthocyanidins

Sulphorophanes
Glucosinolates
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report DFE’s in the FCDB. In 1996, the US Food and
Drug Administration (FDA) published rules requiring
the fortification of breads, rolls, noodles, and pasta in or-
der to prevent neural tube defects in newborn infants. In
these cases, the added folic acid greatly outweighs the
naturally present food folate. However, to generate an
accurate value, each amount of each formmust be deter-
mined and the above calculations performed. The
analytical methodology for determining the folate con-
tent of foods is complex as it is necessary to extract the
folate from the food matrix without destroying it.
Various enzymes are used to perform this extraction.
The folate is then quantified by a microbiological tech-
nique. It is also possible to quantify total folate by an
HPLC technique that measures several forms of tetrahy-
drofolate: 5-methyltetrahydrofolate, 10-formyl folic
acid, and 5-formyltetrahydrofolic acid, but outside of
government and university research laboratories, this
technique is not frequently utilized.

Vitamin K is found naturally in two different forms:
(1) phylloquinone in plants and (2) menaquinones in an-
imal products and fermented foods. Phylloquinones are
also found as dihydrophylloquinones. Menaquinones
have from 4 to 15 additional units in a side chain. Typi-
cally, FCDB contain only vitamin K and do not differen-
tiate between the various forms. Furthermore, few labs
are experienced in analyzing these forms.

Theactive formofvitaminE isɑ-tocopherol,13 although
previously other tocopherols were thought to have
vitamin E activity and a value for ɑ-tocopherol equiva-
lents was determined using different factors for each of
the tocopherols. Values for the individual tocopherols
and tocotrienols are provided in USDA tables, as they
have antioxidant activity and other biological roles.

Interest in the choline content of foods arose due to
the establishment of a DRI for it in 199812 and its role
in trimethylaminuria or fish malodor syndrome. This
syndrome results from the lack of an enzyme to metab-
olize choline and results in a strong fish in individuals
suffering from this condition. Choline also may have
a role in lowering the risk of dementia.14 There are six
choline metabolites: betaine, glycerophosphocholine,
phosphocholine, phosphatidylcholine, sphingomyelin,
and total choline found in foods.

Starting in the 1990s, research into various chronic
diseases focused on the role of oxidizing compounds
on cellular health. Concomitantly, interest grew in a
class of compounds in foods known collectively as anti-
oxidants. One of the biological roles of a few of the
customary nutrients is to act as antioxidants. These
include vitamin C, carotenoidsdsome which contribute
to vitamin A, tocopherols, and tocopherolsdof which
only ɑ-tocopherol contributes to vitamin E activity.
Another class of antioxidants are the flavonoids.

C. Available Databases

New technology in databasemanagement is crucial to
streamline data flow, analysis, and dissemination in pro-
duction of timely and accurate databases for researchers
and other users. At USDA, this resulted in the develop-
ment of a completely new system, FoodData Central
(FDC),1 which was launched in April 2019 (Fig. 11.2).

FoodData Central puts five different FCDBmaintained
at the Beltsville Human Nutrition Research Center under
one integrated web site; two of these databases have been
hosted at BHNRC for many years: SR Legacy and the
Food and Nutrient Database for Dietary Studies
(FNDDS).18 SR has been hosted at USDA for over
30 years and has covered many foods, including key
foods, in the US food supplydup to 150 components
and analytical, calculated, imputed data, with the latter
based on linear programming tools and label information
and similar foods. FNDDS is the dietary component
(“What We Eat in America”) of the National Health and
Nutrition Examination Survey (NHANES). For this data-
base, among other sources and recipes, nutrient data
from SR for foods and beverages in WWEIA, NHANES

While over 5000 types of flavonoids are found in
plants, only about 30 are commonly found in
food plants. They are:

• Flavonols: quercetin, kaempferol, myricetin,
isorhamnetin

• Flavones: luteolin, apigenin
• Flavanones: hesperetin, naringenin,

eriodictyol
• Flavan-3-ols: (þ)-catechin, (þ)-gallocatechin,

(�)-epicatechin, (�)-epigallocatechin,
(�)-epicatechin 3-gallate,
(�)-epigallocatechin 3-gallate, theaflavin,
theaflavin 3-gallate, theaflavin 30-gallate,
theaflavin 3,30 digallate, thearubigins

• Anthocyanidins: cyanidin, delphinidin,
malvidin, pelargonidin, peonidin, petunidin

• Isoflavones: daidzein, genistein, glycitein,
and total isoflavones

• Proanthocyanidin: dimers, trimers, 4e6 mers
(tetramers, pentamers, and hexamers), 7e10
mers (heptamers, octamers, nonamers, and
decamers), and polymers (dp > 10)

USDA has published three different Special
Interest Databases starting in the 1990s,15e17

which have focused on these compounds.
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are converted into gram amounts and their nutrient
values determined. FNDDS is updated and released
every 2 years prior to release of WWEIA, NHANES,
and it includes food/beverage descriptions, mainly
generic, for w9000 items, food/beverage portions and
weightd40,000þ portions in grams; food energy; and
64 nutrients. The USDA Global Branded Food Products
Database (BFPDB) is a more recent addition, launched
in 2016 as the result of a publiceprivate partnership
and is detailed below. Each of these data types is unique
and was developed to meet specific needs. For example,
the data in the FNDDSmake it possible for researchers to
conduct enhanced analyses of dietary intakes reported in
the NHANES. FoodData Central adds two new types of
data that are grouped under the categories: (1) “Founda-
tion Foods” provides expanded nutrient information and
extensive underlying metadata that will help users un-
derstand the variability in the nutrient values of foods
and (2) “Experimental Foods” links to data about foods
produced by agricultural researchers that will allow
users to see for themselves how factors such as climate,
soils, and agricultural practices can affect a food’s nutri-
tional profile. The latter foods, grown under experimental
conditions, are not necessarily available to consumers.

In order to provide a complete assessment of nutrient
intakes, one must include dietary supplements. USDA
has worked with the Office of Dietary Supplements
(ODS) and National Institutes of Health (NIH)dwho
host these databasesdto develop the Dietary Supple-
ment Ingredient Database (DSID) (https://dsid.usda.
nih.gov/), which is based on the analyses of various di-
etary supplements. A companion database is the Dietary
Supplement Label Database (DSLD) (http://dsld.nlm.
nih.gov/dsld/index.jsp), which is a compilation of

data taken from the supplements fact panels on each
package. The DSID was developed by USDA in collabo-
ration with the ODS and other federal agencies and pro-
vides estimated levels of ingredients in dietary
supplement product categories commonly sold in the
US. These statistically predicted estimates may differ
from labeled amounts and are based on chemical anal-
ysis of nationally representative products. The DSLD
contains information from the labels of approximately
76,000 dietary supplement products available in the
US marketplace. In addition to a list of the contents
and other added ingredients (such as fillers, binders,
and flavorings), the DSLD includes information such
as directions for use, health-related claims, and cautions.

III. SOURCES OF DATA AND DATA
TYPES

The sources of food composition data are varied and
include sponsored contracts, data from the food indus-
try, scientific literature, other government agencies,
and data generated by calculations (e.g., standard fac-
tors [energy calculations, nitrogen-to-protein conver-
sion, and calculations of missing values], and recipes
and formulations). Early food composition tables were
often based on the efforts of a single scientist or organi-
zation that performed all the analyses in their own labo-
ratories. This may still occur in the case of emerging
nutrients where a limited number of scientists have the
knowledge and resources to properly analyze the com-
pound in question.

As interest in a compound grows, other scientists use
and often modify the methodology developed by the
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Collaborative Analytical Projects
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Food Industry 
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Other collaborative 
Research

Special Projects 
Dietary Guidelines
DRIs, Models
Publications
Reports

User 
Portal

Data Aggregations, Compilations, Analysis, 
Imputations, Recipes

Set Analytical Priorities

USDA FoodData Central
Foundation Foods: new analytical and SR Legacy (SRL)

Consumer foods/intake information (FNDDS)
USDA Global Branded Food Products Database

Food Composition and Variance Data for Experimental Foods
Food Composition Data from government/academia/food industry

Special Interest Datasets (e.g., iodine)
Metadata: ontological information associated with analytical samples

Links to relevant sites e.g., dietary supplement databases
Archived datasets (SR, FNDDS)

FIGURE 11.2 USDA FoodData central: data and information flow.

Section B. Nutrition Monitoring, Measurement, and Regulation

11. PRESENT KNOWLEDGE IN NUTRITIONdNUTRIENT DATABASES208

https://dsid.usda.nih.gov/
https://dsid.usda.nih.gov/
http://dsld.nlm.nih.gov/dsld/index.jsp
http://dsld.nlm.nih.gov/dsld/index.jsp


first scientist and publish additional manuscripts. The
resulting manuscripts can then be assembled into a
more comprehensive table and/or database.

While some national databases may be comprised
from data solely from analyses conducted in one lab or
in conjunction with affiliated labs, most do not have the
resources to analyze all foods in their database for all nu-
trients on a regular schedule. Therefore, most use a
hybrid approach combining data from their own or affil-
iated labs, contracts with commercial labs, data from the
scientific literature, and reports generated by government
agencies, food companies, and trade associations.

A. Contracts

If an organization developing and maintaining an
FCDBB does not have analytical laboratories of their
own or wants to analyze a food compound, for which
they do not have the necessary expertise or equipment,
contracts can be utilized to perform the analyses at
either commercial laboratories or by agreements with
university scientists. Starting in the 1970s, USDA, in
addition to published data from the scientific literature,
began to obtain data for its food composition tables from
contracts.

In 1997, USDA’s Nutrient Data Laboratory (NDL) used
these steps to develop a comprehensive food analysis
program, known as the National Food and Nutrient
Analysis Program (NFNAP) with support from a num-
ber of Institutes within the NIH, and later the FDA
and the Centers for Disease Control and Prevention.

Identify foods and critical nutrients for sampling and
analysis

Existing food composition and food consumption
data can be used to identify and prioritize foods and
nutrients for analysis.19,20 For example, the USDA Key

Foods are those foods, which in aggregate, that contri
bute 75% of the nutrient intake for selected nutrients
of public health importance from the diet.

The latest Key Foods list was generated usingweighted
two-day food consumption data from the NHANES
2013e14 Data Files18 and food composition data from
SR26 (2013). The Key Foods approach allows an organiza-
tion to concentrate analytical resources on those foods
that contribute significant amounts of nutrients of public
health interest to the diet.

Evaluate existing data for scientific quality

At the initiation of NFNAP in 1997, the food compo-
sition values in SR were reviewed for scientific quality
by NDL staff. Data for many of the foods in the data-
base at that time were found to be more than 10 year
old and based on a limited number of values, lacked
complete and accurate documentation, and included
some samples of uncertain origin. To assess the quality
of existing data and to improve the level of documen-
tation, NDL scientists developed an expert system for
evaluating data quality.21,22 See Section V for more
details. Many of the food profiles in the database were
found to be missing all or some of the information that
would permit expert system evaluation of the data.
For these reasons, and to establish a core set of data of
known sampling, analytical methodology, and quality
control (QC), it was determined that a comprehensive
update of the food items on the Key Foods list would
be needed.

Devise and implement a probability-based sampling
survey of US foods

A probability-proportional-to-size food sampling
plan was developed by NDL staff in collaboration with
statisticians from the USDA National Agricultural
Statistics Service based on a stratified three-stage design
using 2010 Census Bureau projected state population
sizes and census regions.23 Forty-eight geographically
dispersed counties were selected at the first stage,
pickup locations at the second stage, and specific food
products at the third stage. Subsets of these locations
can be selected according to the requirements of the spe-
cific food item and nutrients. For example, nutrients
with greater variability, such as fluoride, would be
sampled in more locations. Another consideration in
designing the sampling strategy was that fewer samples
would be analyzed for lower consumption foods as
identified during the Key Foods process or for nutrients
found at lower concentrations. Details of the sampling
design are discussed in Perry et al. 24 Pickup locations
will depend on the nature of the food sample. Agricul-
tural commodities can be procured at the farm or pro-
cessing facility, which could be packing plant or
slaughterhouse. Retail products can be purchased at a
supermarket or restaurant.

In order to design an analytical program to
support the development of an FCDB, the
following set of steps should be followed:

1) Identify foods and critical nutrients for
sampling and analysis;

2) Evaluate existing data for scientific quality;
3) Devise and implement a probability-based

national sampling plan or food-specific
sampling plan (e.g., crop growing areas);

4) Analyze sampled foods in-house or under
supervised laboratory contracts; and

5) Compile newly generated data to update
FCDB.
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Once food items are identified using the Key Foods
approach, it was necessary to further refine the specific
food items to be sampled and analyzed. For brand
name products, a sampling approach utilizing market
share information was used. For example, after exam-
ining the Key Foods list, it was determined that pizza
was a major contributor of many nutrients. However,
the SR Link file in the FNDDS did not differentiate be-
tween pizzas purchased from a fast food pizza restau-
rant versus those purchased frozen and heated and
served at home. Consequently, both types were sampled
and analyzed. Several different types (e.g., cheese,
pepperoni, pepperoni and sausage, and meat/vegetable
combinations) and brands (e.g., major national brands
and store brands) were purchased in supermarkets as
described above. Later, several different types (e.g.,
cheese, pepperoni, and deluxe) of fast food restaurant
pizza from major national chains were purchased from
individual restaurants.

For commodity foods, samples can be picked up at
retail outlets in the locations described above. However,
to better link samples and analytical results to agricul-
tural practices, a different sampling approach is needed.
This would identify specific cultivars and major
growing areas. This way such information as weather,
soil conditions, and other agricultural practices such as
fertilization and irrigation can also be collected. For
meats, information on breed and feeding regimes can
be collected. As a result, to better capture the variability
inherent in these foods, a greater breadth of sampling is
required than those that would be adequate for a retail
product manufactured in one or two processing plants.

The sampling plan can be modified to meet the re-
quirements of specific studies, e.g., the sampling of
drinking water in homes to analyze fluoride. It can
also be used for special population groups who may
be located in geographically distinct areas (e.g., Amer-
ican Indians and Alaska Natives on reservations, and
Hispanic Americans).24

Foods were purchased under contract by a USDA-
directed professional product pickup company using
tested selection protocols in retail outlets.25 Commod-
ities such as fresh fruits and vegetables, along with
various meats and seafood, can be purchased at retail
outlets or obtained at the point-of-harvest, catch, or
slaughter. At this point, specific information on the
food sampled, such as the postal or GPS coordinates of
the sampling location, along with specific cultivar and
breed, part of the plant or animal, for commodity foods
is collected. The foods were shipped to the Food Anal-
ysis Laboratory Control Center (FALCC) at Virginia
Polytechnic Institute and State University in Blacksburg,
Virginia, for sample preparation. For brand name

products, food labels are also retained, and the com-
plete descriptive information, such as full name, ingre-
dients, nutrition facts, and UPC codes, can be entered
into a database for eventual matching with the analyt-
ical results. Procedures were developed for sample
unit receipt, preparation, and storage, which can be
modified as needed for new food samples. FALCC
continuously develops protocols for homogenizing
and compositing samples based on instructions from
NDL, collects relevant weights and dissection informa-
tion for edible and nonedible portions as required, and
documents processing and preparation procedures.
Processed samples are shipped to qualified, analytical
laboratories for analysis as directed by NDL. Reserve
and archive samples of each food are maintained at
FALCC.

Analyze sampled foods under USDA-supervised
laboratory contracts

Most analytical values in nutrient databases were
determined by the Official Methods of Analysis of
AOAC International10 or equivalent. AOAC utilizes the
contributions of the worldwide scientific community to
develop standards and methods and conduct a
systematic evaluation and review of methods. As many
analysts may make slight modifications to these methods
and commercial laboratories establish their own Stan-
dard Operating Procedures, it is vital to make sure the
modification does not appreciably change the results
from the published method. Commercial laboratories
must also validate the method for use within their facility
and ensure that employees are properly trained in the
performance of particular method and that they follow
good laboratory practices.

While robust methods exist for proximate compo-
nents, mineral and vitamins, there are exceptions. For
example, as described above, a definition and method
for determining dietary fiber has been sought for de-
cades. While it appears that the scientific community
has settled on a definition, finding a precise, easy-to-
use analytical method remains elusive. For emerging
nutrients, such as various bioactive compounds (flavo-
noids, phenolics, isothiocyanates, and glucokinases),
methods have been developed by various researchers
and may not have gone through the procedures to be
accepted as an AOAC method. To develop a database
of these compounds, one must make sure that the ana-
lyst is acquainted with the methodology and knows
how to modify it for different foods. First, one needs to
extract it from the food matrix without destroying the
compound being determined. Then one needs to remove
any similar compounds that might be extracted at the
same time. Finally, the amount in the food is determined.
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To ensure that it contracts with laboratories that
follow these procedures, NDL employs a two-step pro-
cess for awarding contracts for the analysis of foods.26

Aliquots of each composite are sent to the laboratories
by FALCC for analysis according to work plans devel-
oped by NDL. Along with the samples, a QC sample is
included to be analyzed at the same time as the food
samples. For a QC sample, an organization can use
certified reference materials (CRMs) such as those devel-
oped at the National Institute of Standards and Technol-
ogy. However, these materials are expensive and may
not be available in sufficient quantiles to support a large
food analysis program, so the organization should
develop their own in-house control composite. While
many commercial analytical laboratories have their
own in-house samples, it is important for an organiza-
tion to have an independent set of samples for the
comparison of results. The use of both CRMs and in-
house materials is an important factor to consider
when selecting a laboratory to perform the analyses.
The results, including both those for the analytical sam-
ples and the QC samples from the laboratories, are then
reviewed by a QC committee comprised of experts
within an organization as well as those from an outside
group. The QC data for CRMs are compared to the
certificate values for the material, and the results for
control composites are compared to a database of all re-
sults obtained for the particular control composites. Any
questions about the results are referred to the labora-
tories for clarification, and, if necessary, the analyses
are repeated.

Compile newly generated data to update the
composition database

Data from the analytical laboratories are then com-
bined with the descriptive information collected on the
sample units and are migrated to USDA food composi-
tion database. Previously, data were disseminated in
annual releases of the SR database. New data are
disseminated through FoodData Central under the
rubric of “Foundation Foods.” Users can download files
for all of the data types hosted at FoodData Central,
either individually or as one large file, for use on their
own computers. Since many research efforts are con-
nected to FCDB, it is important to capture the metadata
attached to analytical samples, the scientific names, the
date of harvest or procurement, the date of analysis,
sample storage/shipping/handling protocols, prepara-
tion/cooking methods, analytical methods by com-
pound studied, etc. Only then can data be accurately
tracked in the event of formulation changes, new data,
analytical method changes, or replacements and used
for data analyses over time. Without precise sample
descriptions, as has been a problem in past data, data
cannot be connected.

B. Food Industry

Prior to the launch of the USDA BFPDB in 2016, data
were also obtained from food companies willing to share
data on their food products, which they were having
analyzed as part of their nutrition labeling programs,
which was required by regulation starting in the early
1970s and updated with the passage of the Nutrition
Labeling and Education Act in 1990.27 FDA then
promulgated regulations to implement the Act.28 How-
ever, these data are limited to the approximately 14
nutrients required by the legislation. Many nutrition
researchers are interested in vitamins, minerals, and
various bioactive compounds not included in the legis-
lation and regulations developed by FDA. These regula-
tions were then modified in 201611 and were initially
effective in July 2018 for large companies and July
2019 for small companies. The effective dates were
then extended to January 2020 and 2021, respectively.

USDA also collaborates with the food industry; trade
associations either contract with various companies to
sample, prepare, and analyze the food samples or they
fund USDA to contract for analyses. Sampling, analysis,
and QC protocols must be approved by the USDA or
whoever is conducting the study, prior to initiation.
Results are then sent to USDA, which evaluates the
data and identifies any concerns, and if necessary, re-
peats the analyses. Once reviewed for QC, nutrient pro-
files are released in updates to the FCDB.

In 2016, USDA, as part of a publiceprivate partner-
ship with ARS, USDA, International Life Sciences Insti-
tute ILSI North America, GS1 US, 1WorldSync, Label
Insight, University of Maryland, and Joint Institute for
Food Safety and Applied Nutrition released the BFPDB.
Initially released in September 2016 at the Global Open
Data for Agriculture and Nutrition Summit with over
75,000 food items. At the launch of FoodData Central
in April 2019, the BFPDB contained around 280,000
food items at the writing of this chapter. The BFPDB
largely supplants data submitted directly by the food in-
dustry to be included in SR. Now it stands alone, and
similar label databases have been or are being produced
in other countries.

Information in the BFPDB is received from food in-
dustry data providers and is primarily based on nutri-
tion label declarations. This database also includes
ingredient lists for each of the foods; this functionality
allows parsing of ingredients into researchable cate-
gories, another dimension of the US food supply. In
addition, nutrient information is presented on a per
serving basis for consumers and a 100-gram basis for
researchers and some consumers. Data per serving are
presented as both per serving and as % Daily Value.
These data are used in consumer education, research
studies, and food label regulatory efforts.
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C. Literature

A wide variety of manuscripts on the composition of
foods are published each year in the scientific literature.
Many of these focus on emerging compounds of scientific
interest. These include various bioactive compounds,
such as flavonoids, glucosinolates, phenolic acids, and
lignans. Fewer articles on proximates, minerals, and vita-
mins are published in developed nations, though many
articles on these compounds are published in developing
countries on indigenous foods. Manuscripts on emerging
nutrients, such as certain trace minerals, e.g., iodine and
certain vitamins, particularly lesser known forms, e.g.,
folate vitamers, choline metabolites, and menaquinones,
are also found. Most of these manuscripts are written
with a specific research goal in mind and may not neces-
sarily be designed for inclusion in a nutrient database.
Consequently, they may be missing certain information
that is critical for use in a nutrient database.

One of the most important pieces of information is a
complete and accurate food description for each food
item in the journal article. Foods that are vaguely named
or that have inconsistent or ambiguous descriptive
terms will cause confusion for the user and may lead
to improper use of the data. Indicating the form of the
food, such as raw or cooked; whether ingredients been
added such as breading in fried chicken; whether certain
parts, that some may consider inedible, but others may
not, have been removed will affect the nutrient content
of the food, as well as the weight of the portion. Guide-
lines and methods for describing foods have been
developed, and issues related to food descriptions and
to the development of descriptive terms have been dis-
cussed.29 It is also critical to properly identify the units
of measure, e.g., grams, milligrams, and micrograms
as well as the portion size, e.g., cups and pieces
including the size and form. A cup of finely diced po-
tatoes will weigh more than a cup of 100 cubes. Similarly,
when describing certain foods, it is necessary to give the
dimensionsdto properly know the nutrient content of a
large apple one needs to know the dimensions appli-
cable to are large apple, compared to a small apple, in
order to make proper nutrient assessments.

D. Calculations

A number of calculations are integral to the develop-
ment of nutrient databases; however, these have limita-
tions. These include (1) protein from nitrogen by the use
of factors; (2) calculation of energy from proximate com-
ponents (protein, fat, carbohydrate, and, when present,
alcohol) by the use of factors; (3) carbohydrate by differ-
ence; (4) total sugars by the summation of individual
sugars; (5) vitamin A in RAE from provitamin A caro-
tenoids; and (6) total saturated fatty acids, total monoun-
saturated fatty acids, and total polyunsaturated fatty
acids by summing the individual fatty acids in each class.

Nitrogen-to-protein conversion factors

These factors were first developed in the 1880s along
with the Kjeldahl method, which actually measures
nitrogen. At that time, protein was assumed to be
16% nitrogen, which results in factor of 6.25. Jones30

expanded the factors by looking at the amino acid
profile of isolated proteins. However, this approach
depended on the degree of purification and the repre-
sentativeness of that protein to the all proteins found
in the food. He proposed different nitrogen-to-protein
for some foods, i.e., soybeans, and based on the foods
he studied, specific factors were assigned to broad cat-
egories of foods. Also, 6.25 was used if a specific factor
for a food did not exist. This process did not consider
nonprotein nitrogenous compounds (nucleic acids,
amines, urea, nitrates/nitrites, nitrogenous glycosides,
etc.). Furthermore, specific proteins and amino acids
can vary by cultivar and growing conditions. These
reasons can result in overestimating protein content.
In 2002, an FAO/WHO expert consultation recommen-
ded summing amino acids to determine protein
content.31 While summing amino acids to determine pro-
tein content could be more precise, protein analysis is
much cheaper than amino acid analysis, and this could
be an issue in developing countries, where protein
malnutrition is more prevalent. Conversion factors,
most commonly 6.25, are built into regulations for nutri-
tion labeling in the US and many other countries. The
price in trade for many products is based on protein con-
tent calculated by these factors; hence, there are many
barriers to moving away from the use of the nitrogen-
to-protein conversion factors. Including amino acids
profiles in nutrient databases will also facilitate the calcu-
lation of various measures of protein quality, such as
protein digestibility-corrected amino acid score.

Energy factors

The energy content of food is calculated and not
measured directly. While bomb calorimetry provides
a method for determining the gross energy in a food
item, it does not consider that not all the compounds
that can be burned in a food can be metabolized. There-
fore, to determine metabolizable energy, one must also
determine the energy in feces and urine and subtract
both from gross energy. This is complicated and time-
consuming. Therefore, the data are limited (small
sample sizes, short feeding periods, limited foods). It
is not possible to use this method to determine the en-
ergy content of a single food, as one cannot have hu-
man subject consume a diet a just one food, so the
factors were derived for mixed diets. The first factors
were developed by Atwater in 1896.7 When specific
factors were not available, the generic factors of 4-9-4
for protein, fat, and carbohydrates, respectively, are
used. Based on this approach, Merrill andWatt32 devel-
oped energy factors for a wide group of foods, but like

Section B. Nutrition Monitoring, Measurement, and Regulation

11. PRESENT KNOWLEDGE IN NUTRITIONdNUTRIENT DATABASES212



nitrogen-to-protein conversion factors, sometimes
these factors are fairly specific and other times they
cover a large group of foods, such as mature dry beans,
cowpeas, peas, other legumes, and nuts or other
vegetables (not potatoes and starch roots, other under-
ground crops and mushrooms). These factors, whether
the specific Atwater factors or the generic 4-9-4 are also
built into nutrition labeling regulations, so like the
nitrogen-to-protein conversion factors, there are
barriers to changing the approach to calculating food
energy.

Total sugars

Total sugars are calculated by summing up individ-
ual sugars (sucrose, glucose, fructose, lactose, maltose,
and galactose). These are the mono- and disaccharides
defined as the constituents comprising total sugar for
the purpose of nutrition labeling, yet chemically
many other compounds are identified as sugars. To
eliminate confusion, USDA has, with the release of
FoodData Central in April 2019, renamed this nutrient
to “Sugars, Total NLEA.” Starting in January 2020, com-
panies will be required to display the amount of added
sugars in the food item as part of an overhaul of the
Nutrition Facts Panel (FDA, 2016). However, there is
no analytical method for determining the quantity of
added sugars in a food item. Therefore, food companies
will calculate this value based on their formulation for
the food item.

Carbohydrate by difference

As there is no direct analytical method for deter-
mining total carbohydrates in a food, it is calculated
by subtracting the sum of the moisture, protein, fat,
ash, and alcohol (if present) from 100. A better method,
though more costly, is to calculate carbohydrate by sum-
ming analytical values for sugars, starch, and dietary fi-
ber and other carbohydrate fractions. However, there are
problems associated with methodology for these constit-
uents. As described above, total sugars only include six
mono- and disaccharides. Over the years, the definition
of dietary fiber has changed, and multiple analytical
methods are accepted for labeling products in the US.
While the scientific community has defined dietary fiber
as “nondigestible carbohydrates and lignin that are
intrinsic and intact in plants,” analytical methodology
has struggled to keep up. The best current method
is the modified enzymatic-gravimetric (“McCleary”)
method (AOAC 2009.01, 2011.25), but it is complex,
time-consuming, and more expensive33 than the original
enzymatic-gravimetric method (AOAC 985.29, 991.43).
Both the original and modified enzymatic-gravimetric
methods measure a series of extracts and precipitates,
which do not identify specific dietary fiber constituents,
e.g., cellulose, nondigestible oligosaccharides, beta-

glucans, pectin, chitin, inulin, and resistant starch.
Knowing the quantity of each of these specific dietary
fiber constituents would enable researchers to better
identify their role in the maintenance of the microbiome
and general health.

Other calculations to fill-in missing values

With the large variety of foods available, it is not
possible to properly analyze every food for every
nutrient. Therefore, over the years, a number of proced-
ures have been developed to estimate the quantity of a
particular nutrient in a food item. While the results
from these procedures may not be as accurate as those
obtained by direct analysis of samples obtained through
a statistically based sampling plan, they can provide
estimates appropriate in certain applications, such as
large-scale dietary assessment and guidance. The preci-
sion of the estimate is dependent on the food item and
the nutrient. They would not be appropriate in clinical
studies and for individualized dietary advice, particular
in medical situations. Some of the approaches used are
discussed below.

Assumed zero

This approach is used when a given nutrient is not
found in a particular food, such as cholesterol in apples
or dietary fiber in beef steak. This occurs when there is
no metabolic pathway that would produce the specific
nutrient, and it is not added in preparation. For
example, while chicken naturally does not contain die-
tary fiber, if breading is added in preparing fried
chicken, the finished product would contain some fiber.
Other nutrients such as certain minerals and some vita-
mins may be found in such low levels that, when
measured analytically, they are below the level of detec-
tion, and for certain purposes could be assumed to be
zero. Of course, with better analytical methods, this
nutrient may be detectable and actual result reported.

Another form of the same food

This approach can be used to fill in missing values for
one food where you have values for a similar food. For
example, missing nutrients for cooked kale could be
calculated from raw kale by adjusting for changes in to-
tal solids and applying the appropriate nutrient reten-
tion factors. Another example would be calculating
missing values for butterhead lettuce from leafy green
lettuce, again adjusting for differences in the total solids.
Since both food items are raw, no retention factors are
needed.

Recipes

Complete nutrient profiles or specific missing nutri-
ents for more complex foods can be calculated by using
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a recipe program. Such programs incorporate many in-
gredients as well as using yield factors to adjust for
changes in total solids and total fat. If a nutrient profile
for a prepared ingredient is not available, the recipe pro-
gram can incorporate both retention and yield factors.
For the recipe-based nutrient profile to be calculated
properly, full nutrient profiles are required for all
ingredients.

Formulations

For many processed foods in order to calculate
missing values, one needs to know the ingredients and
the quantity used. While the ingredients are listed on
the package from highest to lowest amount used, the
exact quantities used are proprietary and not available.
It is possible to estimate the proportions using linear
programming techniques. The program will use the
known nutrients in the target food and the nutrients in
the nutrient database for each ingredient. Values for
the target food can be (1) analytical data; (2) claim on la-
bel/serving; or (3) data supplied by the manufacturer.
Values taken from nutrition labels may be rounded or
otherwise adjusted to reach certain public health goals,
such as encouraging people to avoid low-sodium foods
or to consume higher amounts of foods with beneficial
minerals and vitamins. Therefore, the ingredient pro-
portions calculated by the formulation program may
be less reliable. The ingredients listed on the package la-
bel may not contain enough specificity to accurately
match them with comparable items in the source data-
base. For example, the ingredient list may state “soy
flour” but does not indicate if it is full fat, partially defat-
ted, or defatted. The developer could try each one and
see which comes up with the best estimate for the
known nutrients in the target foods and then use those
calculated values for the missing ones.

IV. DATA QUALITY EVALUATION
SYSTEM

When using data from diverse sources, a method for
ascertaining the quality of the data from each source is
needed. USDA developed just such a system20 that looks
at five parameters: (1) sampling plan; (2) number of sam-
ples; (3) sample handling; (4) analytical method; and (5)
analytical QC.Within this scheme, points are assigned to
each parameter based on specific criteria and all are
summed to develop a rating score for each food compo-
nent within a food item. Therefore, authors of scientific
papers should include this information in their manu-
script. Of course, as mentioned earlier, an accurate and
complete food description is critical.

A. Sampling Plan

The sampling plan should be statistically based and
incorporate information on food type, cultivar, brand
name geographic distribution, and market share. It
should also consider the demographics of the popula-
tion consuming the food in question. The geographic
area studied needs to be defined and can be national,
regional, or local depending on the food being studied
or the sample design must be structured accordingly.
Historically, many reported studies relied on a conve-
nience sample obtained from the institution’s own
experimental or local farms or a nearby retail outlet.
This is often inadequate for the purpose of developing
a national database. However, if many studies are avail-
able within a country or region, the data from each can
be aggregated to develop national estimates. It may be
useful for many researchers to make the individual esti-
mates available.

B. Number of Samples

Cleary having more individual samples from each
location within the sampling plan is preferable. Howev-
er, funding limitations can restrict the number of sam-
ples that can be collected and analyzed. Sometimes
compositing samples from many pickup sites within a
sampling location or within a region is an alternative,
but at the cost of losing variability information on the
foods. Again, nutrient data on multiple samples of a
food item can be aggregated and univariate statistics
generated. Depending on the nature of the food item,
these data can be weighted using productions or market
share information.

C. Sample Handling

Steps must be taken to insure nutrient stability of the
food items between the time they are acquired either in
the field or retail outlet and when they are analyzed.
Some foods must be prepared by removing inedible
parts, or in the case where a cooked food is being
analyzed, appropriate procedures must be followed.
Additional steps to prepare the sample for analysis,
such as drying and homogenization, must be followed
and scored.

D. Analytical Methodology

Each food component and food has an optimum
method for determining the amount of the specific
component in the food. Each analytical method contains
processing (extraction, digestion, etc.), identification
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(detection, limits of detection, percent recoveries), and
quantitation steps (limits of quantitation, calibration cures,
calculations, etc.), and each must be meticulously
performed. Furthermore, the lab conducting the analysis
must validate the method within their facility, and each
analyst performing the analysis must be trained and
demonstrate competence. When using data from many
published sources, older methods not currently used may
be encountered.Whilemany of thesemethods can provide
accurate methods, it is important to make sure themethod
yields the specificity required to properly measure the
amount of the food component in the food sample.

E. Analytical Quality Control

As day-to-day performance of the analyses can vary,
it is essential to include QC materials of known compo-
sition along with the test samples. These materials can
be developed in-house or purchased from various
agencies such as the National Institutes for Standards
and Technology in the US (https://www.nist.gov/
srm) or the Joint Research Center of the European Com-
mission (https://ec.europa.eu/jrc/en/reference-mate-
rials/catalogue). As foods are complex, it is important
to select an appropriate QC material that has a similar
matrix to the food being analyzed. The rating for this cri-
terion is based on the suitability of the QC material and
its frequency of use.

Although not part of the expert system, a compete
food description is critical. After all, you can have the
best analytical data, but if you do not know the details
about the food, it is useless. For example, if you have
data on “beef,” what cut does it represent, how was it
prepared, how was the fat trimmed before cooking,
and were any seasonings or other ingredients added
during cooking? Another example applies to fruits and
vegetablesdis it raw, cooked, frozen, or canned? If
raw, what was the portion consumed? If cooked, how
was it cooked; was anything added during cooking? If
canned, was the can drained and only the drained solids
analyzed or were the total can contents analyzed. Was it
packed in brine, heavy syrup, light syrup, or juice? All of
these processing and preparation procedures affect the

nutrient content, so it is essential to know what form
of the food is contained in your database, so the user
can select the item that matches their needs.

V. CONCLUSION

Globally, most food supplies have expanded, diversi-
fied, and are far more complex than at any point in hu-
man history. In order for a better understanding of the
interrelationship between food composition, dietary
patterns, genetics, environments, and health, food
composition tables must be readily, easily, and afford-
ably accessible and transparent. At the USDA, food
composition research and additions to and changes in
FCDB reflect the need for more relevant information to
connect agricultural practices, commercial and home
processing and preparation, food composition, dietary
patterns, and health outcomes. In a complicated food
supply, which, in recent decades, includes a surge of im-
ported international foods from diverse cultures,
organic to genetically engineered crops and crops grown
under the impact of climate change, new technologies
and agricultural practices, fish farming and changes in
animal husbandry, and a complex commercially pro-
cessed sector of the food industry, the need to discern
how nutrient variability is measured is as important as
the mean or median amount. Metadata describes the
farm to fork information about foods at the agricultural
commodity level. For examples, for crop products, ge-
netics of the plant, soil composition, growth and harvest
information and dates, fertilizers, organic versus con-
ventional, location (GPS coordinates), shipping and stor-
age information, and any other factors in the supply
chain and processing flow. For animal products, this
may include breed, feed, age of the animal, animal hus-
bandry practices, etc., which may impact the nutrient
profiles of the meat, dairy, or egg products. Tracking
this information is essential to analyses of composition
as it relates to dietary patterns and ultimately, health
outcomes. With new existing software, interconnected
information can be joined with other databases, region-
ally, nationally, and globally to research diet and health.

RESEARCH GAPS

• Keeping up with an ever-changing and complicated food supply
• Improved sampling for commonly consumed foods and ingredients
• Metadata describing the farm-to-fork information about foods at the agricultural commodity level
• Need for more relevant information to connect agricultural practices, commercial and home processing and

preparation, food composition, dietary patterns, and health outcomes
• Comprehensive data on emerging food components of public health interest
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SUMMARY

Nutrition surveillance includes assessment of physical size andgrowth (anthropometry), biological samples
(e.g., saliva, blood, andurine), anddietary intake. The target groupmaybe individuals, households, schools,
communities, or even a nation. Nutrition surveillance serves many purposes: monitoring nutritional status
or changes in the food supply, informing changes in policy, and identifying locations or individuals in need
of resources. Central to all these functions is collection of timely, relevant, high-quality data and commu-
nication of results that lead to action. Common features unite nutrition surveillance; however, imple-
mentation can vary widely depending on context. In this chapter, the National Health and Nutrition
Examination Survey, a national nutrition andhealth surveillance system in theUnited States, is described, as
well as examples from five high-income countriesdCanada, Japan, South Korea, Australia, and the United
Kingdomdthree middle- or low-income countriesdMexico, India, and Ethiopiadand two internationally
supported household surveysdtheDemographic andHealth Survey andMultiple Indicator Cluster Survey

Keywords: Australia; Canada; Ethiopia; India; Japan; Mexico; Monitoring; NHANES; South Korea; Surveillance;
United Kingdom.

“If you cannot measure it, you cannot improve
it.” Lord Kelvin.

I. INTRODUCTION

Nutrition is critical to health and development. Better
nutrition is associated with improved infant, child, and
maternal health, better pregnancy outcomes for mothers
and babies, increased productivity, and a lower risk of
many chronic diseases including diabetes and cardiovas-
cular disease.1 Despite an extensive evidence base to
document these associations, the 2018 Global Nutrition
Report showed that progress to reduce malnutrition
worldwide has been slow and that some populations
face a triple burden frommalnutrition (i.e., child stunting,
anemia in adult women, and overweight in adult
women). Globally, among children under 5 years old,
150.8 million are stunted and 50.5 million are wasted,

while at the other end of the spectrum, 38.3 million are
overweight.2 The General Assembly of the United Na-
tions (UN) proclaimed theUNDecade of Action onNutri-
tion 2016e25 in April at the start of the 10-year period.
The announcement marked the beginning of a concerted
effort on the part of the Member States to address mal-
nutrition, both under- and overnutrition, globally.3

II. DEFINITIONS AND EXPLANATORY
RELATIONSHIPS

At the heart of this effort to address malnutrition are
data. Data are crucial to identifying the answers to the
interrogatory questions that guide action.4 Data are
collected through nutrition surveillance: “the continuous
assessment of dietary intake and nutrition status of a
population or a selected population subgroup for the
purposes of detecting changes and initiating public
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health action”5 (see Box 12.1). Nutrition surveillance is
multifaceted and interrelated, including assessment of
physical size and growth (anthropometry), biological
samples (e.g., saliva, blood, and urine), and dietary
intake. It can be collected at the individual, institutional,
regional, national, and international level. The target
group of interest may be an individual, a household, a
school, a community, or even a nation. Nutrition surveil-
lance can also be used for a variety of purposes: to
monitor nutritional status or changes in the food supply,
including contaminants; to inform changes in policy; and
to identify locations or individuals in need of resources.

A. Anthropometry

The physical measures used in nutritional surveil-
lance depend on the setting. Because of the high nutri-
tional needs during growth and development, children
are often the target of nutritional surveillance, acting
as a harbinger of nutritional risks.

Common anthropometric indicators for children birth
to 24 months of age include height/length and weight
that are used to determine the following: low height-
for-age (stunting), low weight-for-age (underweight),
and lowweight-for-height (wasting), which are routinely
used to monitor the burden of nutritional deprivation.6

In severe situations, such as nutrition emergencies,
mid-upper arm circumference may be measured and
clinical signs of disease such as kwashiorkor (protein
malnutrition), pellagra (niacin deficiency), Bitot’s spots
(vitamin A deficiency), and scurvy (vitamin C defi-
ciency) may also be used.7 Often, physical measurements
are compared to age and sex-specific distributions from a

reference population (usually a growth chart) to assess
growth. There are many growth charts available for
use. US Centers for Disease Control and Prevention rec-
ommends the use of theWHO growth charts for children
birth to 24 months of age. In children and adolescents
aged 2e19 years, the 2000 CDC growth charts are recom-
mended.8 For these older children, the 5th and 95th
percentiles on the sex-specific CDC body mass index
(BMI)efor-age growth charts are used to define under-
weight and obesity. Among adults, height, weight,
BMI, and skin folds are used.

B. Biological Samples

A detailed discussion of biological samples is beyond
the focus of this chapter because such assessment is less
suitable for large-scale nutrition surveillance. In addi-
tion to being invasive and dependent on expensive
and elaborate equipment, the interpretation of results
is often difficult without additional contextual informa-
tion.9 Laboratory assessment can be used to measure
both deficiency and excess for a range of macronutrients
and micronutrients; however, use is typically limited to
high-income countries, and even in this setting, mea-
surement may be periodic and focused only on sub-
groups of the greatest concern.

C. Dietary Assessment

In general, there are three broad levels that dietary
assessment falls into: national, household, and individ-
ual. At the national level, assessment tools include
food balance sheets, total diet studies, and universal

B O X 1 2 . 1

Objectives of a Surveillance System

• To describe the nutritional status of the population and subgroups within the population.
• To provide information that contributes to the analysis of causes and associated factors and therefore

permits a selection of preventive measures.
• To promote decisions by governments concerning priorities and the disposal of resources to meet the

needs of both “normal development” and emergencies.
• To enable predictions to be made based on current trends in order to indicate the probable evolution of

nutritional problems to assist in the formulation of policy.
• To monitor nutritional programs and to evaluate their effectiveness.

In emergency settings, the objectives specifically focus on:

• Providing a warning system to highlighting an evolving crisis.
• Identifying appropriate response strategies, both food and non-food assistance.
• Triggering a response.
• Targeting areas that are more at risk or in greater need of assistance.
• Identifying malnourished children.

Source: World Health Organization161
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product codes (UPCs) with electronic scanning devices
(UPC assessment can be applied at all three levels). Di-
etary assessment at the household level may include
the food account method, household food record, and
household 24-hour recall method. Measurement at the
individual level may be captured via 24-hour recall, in
addition to many other assessment tools, e.g., food fre-
quency questionnaires (FFQs), food records (weighed
or estimated), and screeners.9 National and household
level measurements provide per capita estimates.

Dietary assessment at the individual level, rather
than national or household, is a critical piece of national
nutrition surveillance in many countries. Resources,
literacy and numeracy, and final use of the data collected
determine which method is best suited to a particular
need.9 For a detailed discussion of dietary assessment
instruments to assess individual intake, see the Dietary
Assessment Primer10 or Chapter 14, Assessment of Die-
tary Intake by Self-reports and Biological Markers.

Below several dietary assessmentmethods used at the
national, household, and individual levels are described:

Tools used for dietary assessment

Food balance sheets; Food balance sheets record a coun-
try’s food supply over a specified period by considering
annual production, changes in stocks, imports and
exports, and distribution of food used within the coun-
try.11 Waste arising from farm activities and during dis-
tribution and processing is accounted for; however,
waste at the household or food service level is not
included.9

Total diet studies; total diet studies are chemical analyses
of food that measure dietary intake of food contami-
nants, macronutrients, and vitamins by an individual
consuming a typical diet.12 The foods assessed, and
methods used to assess them, can be based on market
baskets studies, individual food items, and duplicate
portions.9 For example, the US Food and Drug Adminis-
tration (FDA) monitors over 800 contaminants and nu-
trients in the diet four times a year by purchasing,
preparing, and analyzing about 280 kinds of foods and
beverages from four market basket regions in the United
States.12

UPCs and electronic scanning devices; UPCs and electronic
scanning devices capture purchases of canned and
packaged foods at retail establishments.9 This method
provides estimates of per capita purchases based on
the total population.

The food account method; the food account method is a
daily record, typically undertaken by the person respon-
sible for food purchases and preparation in the home. It
captures all food coming into the household, whether

purchased, received as a gift, or produced, as in a
home garden, over a specified time frame. The food ac-
count is typically quantified by recording the retail units
or household measures of each food item.9

The household food record; the household food record can
be completed by the individual most knowledgeable
about food preparation in the home or recorded by an
interviewer. This is an open-ended, self-reported
account of all foods and beverages eaten by members
of the household. It is typically done concurrently or
soon after eating, and the amounts consumed can be
either weighed or estimated. Dietary supplements
used can also be captured with this method. In
addition to measuring food consumed, plate waste can
also be collected and subtracted from the amount
consumed. The individuals completing the food record
are asked to provide detailed information about the
methods of preparation used.9

Individual food records; individual food records are con-
ducted in a manner like a household food record;
however, the individual reports only the foods and bever-
ages they consume rather than the whole household.

The 24-hour; the 24-hour recall is a structured, open-ended
interview that captures the type and quantity of food and
beverages consumed in the previous 24 h. There is a quick
listing of reported foods consumed, followed by probes to
elicit details about preparation method and quantity
consumed and finally a review with additional probes
about commonly forgotten foods. It can be administered
by an interviewer, and recently, with advances in
technology, can be self-administered via a computer,
e.g., the Automated Self-Administered 24-Hour (ASA24)
Dietary Assessment Tool.13 Dietary supplements can
also be captured in this tool. It can be administered at
both the individual and household level. At the
household level, the method relies on the household
member responsible for food preparation to remember
all foods and beverages consumed in the household in
the previous 24-hour period.

The FFQ; the FFQ is a finite list of foods and beverages
consumed, which includes response categories to indi-
cate usual pattern of consumption, typically over a
month or year. With the inclusion of portion sizes, the
tool can be quantitative to indicate the amount in addi-
tion to the type of foods consumed. It is typically self-
administered and captures information about an
individual, rather than a household.

Screeners; screeners are short dietary assessment instru-
ments, which may include questions about dietary
behaviors, e.g., “What type of milk do you typically
drink?”, or it can include questions about a very limited
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number of foods and beverages. They can be self-
administered or interviewer-administered but are
generally shorter than an FFQ and ask about a
particular aspect of the diet, but not the total diet.

Process of nutrition surveillance

The process of nutrition surveillance is the same irre-
spective of country context. Data are collected from indi-
viduals and then aggregated above the individual level,
allowing analysis and interpretation to uncover patterns
among groups of individuals. Results are then commu-
nicated and disseminated so that public health practi-
tioners can make informed decisions to improve the
nutritional status of individuals.14

Resources and purpose for conducting nutrition sur-
veillance often differ among high-, middle-, and low-
income countries. Nutrition surveillance systems can be
complex and expensive, so their implementation can look
different depending on the context. Many high-income
countries have a dedicated nutrition surveillance system;
their primary purpose is to collect data for public health
practitioners formonitoringandaction.Thedatacollection
methods are designed to produce high-quality, valid, na-
tionally representative data. Nutrition surveillance may
also capitalize on data collected from administrative sour-
ces, suchasclinics. In this context, theneed forhighquality
and validity is still present, but the data are not necessarily
representative. Thus, a distinction can be made between
primary data collectionddata collected for the sole pur-
pose of nutrition surveillancedand secondary data
collectionddata used for surveillance that are initially
collected for other purposes, such as administrative (e.g.,
use of service, distance traveled to find service, etc.).15

Primary data for nutrition surveillance may include
repeated cross-sectional surveys, data collection at
sentinel sites in communities, and data collected about
children attending schools. Secondary data may include
administrative data from feeding centers or programs,
data from health facilities, and data collected in the com-
munity in mass screenings.15

III. CURRENT STATUS OF FIELD

The National Health and Nutrition Examination
Survey (NHANES), a national nutrition and health sur-
veillance system in theUnites States, providesa case study
of themanyways that nutritional surveillance data can be
used. Drawing on examples from NHANES, the use of
nutrition surveillance data is explained. As previously
mentioned, nutritional surveillance activities varywidely
globally. To highlight this variation, the collection, anal-
ysis, dissemination, and use of data collected from a vari-
ety of national nutritional surveillance systems are
presented. Examples from five high-income countries
(Canada, Japan, South Korea, Australia, and the United

Kingdom), three middle- or low-income countries
(Mexico, India, and Ethiopia), and two internationally
supported household surveys (the Demographic and
Health Survey [DHS] andMultiple Indicator Cluster Sur-
vey [MICS]) are followed by a discussion of current chal-
lenges and new directions that are emerging in the field.

A. Nutrition Surveillance in the United States

NHANES is the primary source of nutrition data in the
United States; it illustrates both surveillance and action at
different levels of the socioecologic framework. An addi-
tional resource is from the National Collaborative on
ChildhoodObesity Research (NCCOR),whichmaintains
a Catalog of Surveillance Systems (https://www.nccor.
org/nccor-tools/catalogue/) in the United States. While
a detailed description of the many nutrition surveillance
systems in the US is beyond the scope of this chapter, the
NCCOR catalog provides access to over 100 data sources
with information on health behaviors (e.g., diet and
physical activity), health outcomes, determinants, pol-
icies, and environmental factors.

Nutrition surveillance of early childhood in the United
States

Federal dietary guidance efforts at the population
level in the United States have been focused at age 2 years
and above, primarily due to the lack of high-quality
dietary consumption data for infants younger than
2 years.16 Legislation passed in 2014mandated that the Di-
etary Guidelines for Americans 2020e25 include infants
younger than 2 years.17 However, there are considerable
research gaps that makemeeting this mandate a challenge.

One challenge is a dearth of information about the
consumption amount and the composition of human
breast milk. For infants fed expressed breast milk, it is
possible to capture consumption volume, but for infants
fed breast milk at the breast, it can be quite difficult to es-
timate consumption volume.18 Additionally, irrespective
of feeding mode, data on the nutrient composition of
breast milk is lacking.19 The estimates of nutritional con-
tent of human breast milk in the US National Nutrient
Database for Standard Reference have been criticized
for being outdated and of uncertain data quality.20 Efforts
at the national,21,22 federal,19 and international23 level are
underway to help fill the gap surrounding the estimation
of the volume and nutrient content of breast milk.

The US National Health and Nutrition Examination
Survey

NHANES, conducted by theNationalCenterofHealth
Statistics, was designed to monitor the nation’s health
and nutritional status. The precursor to NHANES, the
National Health Examination Survey, was conducted in
the 1960s and did not include dietary assessment mea-
sures. In the early 1970s, dietary assessment andnutrition
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were added to the survey and the first NHANES was
conducted (1971e74). It was a periodic survey until
1999, when NHANES became continuous, releasing
data on about 10,000 persons of all ages every 2 years.24

NHANES is an example of primary data collection
(repeated cross-sectional survey) for nutrition surveil-
lance. Of note, NHANES currently collects dietary
data, among other measures, on infants younger then
2 years; however, the abovementioned limitations apply,
and they hamper the ability of these data to be widely
used to inform policy.

NHANES now includes an interview in the home and
a subsequent standardized physical exam, including lab-
oratory testing, in amobile exam center (MEC) (Fig. 12.1).
NHANES is designed to be representative of the civilian,
noninstitutionalized US population and uses a com-
plex, multistage, probability sampling design to select
participants of all ages.26 Various subgroups may be
oversampled in order to obtain reliable and precise esti-
mates of specific concern for these populations.27,28

NHANES collects anthropometry (including height,
weight, length, and waist circumference, among other
measures), dietary intake, and nutritional biochemis-
tries. Dietary assessment in NHANES is conducted
with both questionnaires and 24-hour dietary recalls.
The questionnaires are not static; between 2-year cycles,
questionnaires can be modified to meet research needs,
or new questionnaires may be developed and included
for a finite time. For example, between 2005 and 2010,
NHANES included questions on the use of the Nutrition
Facts Label on food products that help inform food
buying decisions.24 NHANES currently also includes a
questionnaire on household food security, timing, and
introduction of solid foods, food program participation,
and a seafood FFQ.

Two 24-hour dietary recalls are collected by trained
interviewers, the first during the MEC visit and the
second by phone 3e10 days later. Both interviews use
US Department of Agriculture’s (USDA’s) Automated
Multiple-Pass Method (AMPM), a computer-assisted di-
etary interview system with standardized probes29 that
capture the type and quantity of food consumed over
the 24 h frommidnight to midnight before the interview.

Thebiological samples collected inNHANESvaryover
time, dependingon funding, researchpriorities, and feasi-
bility. They include, or have included in the past, blood,
urine, hair, and saliva and are used to address research
needs relevant to specific age and sex groups.30e32 Nutri-
tional biochemistries have included iron, sodium,
vitamin A, vitamin C, and vitamin D, among others.33

Use of NHANES nutrition surveillance data: examples;
NHANES plays a prominent role in the development of
the periodic Dietary Guidelines for Americans and the
assessment of the extent to which different subgroups
are following the guidelines.34 For example, the eighth
edition and most recent version, the Dietary Guidelines
for Americans 2015e20, included an evaluation of US
eating patterns using NHANES data from 2007e2010.34

Based on the Dietary Guidelines, programs such as
MyPlate (Fig. 12.2) have been developed.35

NHANES nutrition data help inform national policy
development and evaluation. For instance, estimates of
sodium intake among infants and toddlers,37 infants
and preschool children,38 school-aged children,39 and
adults40,41 in the United States obtained from NHANES
have been used in efforts to reduce sodium consump-
tion and the amount of sodium in various food prod-
ucts that children consume.42,43 Additionally, USDA
used NHANES data in updating the standards for the
amount of sodium in school meals.44 NHANES weight,
height, and BMI data on children and adolescents were
used to create the 2000 CDC pediatric growth charts that
are widely used by clinicians and researchers to monitor
growth and define obesity.45

As a national source of dietary information,
NHANES has also been used to assess the impact of
food supply changes and of policies on the health of
Americans. For example, starting in 1998, federal regula-
tions requiring the fortification of grains in the US food
supply with folic acid to reduce the risk of neural tube
defects (serious birth defects of the brain, spine, and spi-
nal cord) were implemented.46 Data from NHANES
show an increase in serum folate and red blood cell
folate from surveys in 1988 and 1994 (prefortification)
compared to values from surveys 1999e2000 through
2005e06 (postfortification).47 Over a similar time period,
data from the US National Vital Statistics System
observed a roughly 26% reduction in the portion of neu-
ral tube defecteaffected pregnancies.48

FIGURE 12.1 NHANES Mobile Exam Center.25 The Mobile Exam
Center (MEC) used in NHANES is a mobile, state-of-the-art, medical
facility used to measure and collect health data from US participants.
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In April 2016, the US FDA announced the expansion
of fortification to include corn masa flour.49 NHANES
data played an important role in this decision. Analyses
of NHANES data were used to determine the addi-
tional amount of folic acid that US population and sub-
groups, such as women of reproductive age, would
consume if corn masa flour were also fortified with folic
acid50e52 and to estimate the number of neural tube
defect births that could be averted with folic acid fortifi-
cation of corn masa flour.53 Corn masa flour is a staple
consumed routinely and in appreciable amounts by
Mexican American women, a subgroup that experiences
higher rates of neural tube defects compared to non-
Hispanic white women, in part due to low folate intake
as a consequence of low consumption of wheat flour
fortified with folic acid.51

Databases that support nutrition surveillance in the United
States; Underpinning the data collected in NHANES are
databases that are fundamental to nutritional surveil-
lance. These databases are needed to translate the foods
and beverages people report consuming into the nutri-
ents contained in those foods and beverages. USDA’s
Agricultural Research Service (ARS) maintains FoodData
Central,54 an integrated data system for nutrient data and
agricultural and experimental research.

The NHANES food and beverage data are routinely
linked to two databases found on FoodData Central: the
Food and Nutrient Database for Dietary Studies that
translates foods and beverages into nutrients and the
Food Patterns Equivalents Database that disaggregates
foods and beverages into their component parts and
matches these parts with the food pattern components

identified in the US Dietary Guidelines (see also Chapter
11 on nutrient databases).

Nutrient intakes fromdietary supplements can also be
evaluatedusing theDietary Supplement LabelsDatabase
(https://ods.od.nih.gov/Research/Dietary_Supplement_
Label_Database.aspx) and Dietary Supplements Ingredi-
ents Database (https://dietarysupplementdatabase.usda.
nih.gov/).

Other databases also available at FoodData Central
include Foundation Foods, Experimental Foods, and
the USDA Global Branded Food Products. Foundation
Foods includes extensive metadata that allow users to
see the variability associated with nutrient values, such
as the number of samples an estimate is based on, the
date and location of collection, the analytical approach
used, and potentially, agricultural information such as
genotype and production practices. Experimental Foods
links to agricultural research data. Information in the
USDAGlobal Branded Food Products database is volun-
tarily reported by food industry and data presentation is
standardized by FoodData Central. The United States
also maintains databases to monitor other aspects of
nutrition surveillance, including food availability,55 the
food environment,56 and food safety.57,58

In the United States, more than half of adults and
about one-third of children reported using � one dietary
supplement in the past 30 days, indicating that nutrients
from dietary supplements may contribute significantly
to dietary intake and should be considered when
monitoring nutritional status.59 NHANES has been
collecting information on dietary supplement usage in
the US population since 1971 and maintains a dietary
supplement database.59,60 The database maintained by

FIGURE 12.2 Food guides derived from nutrition surveillance data: US my Plate86 and UK Eatwell Guide.36 Both the United States and the
United Kingdom have plate-based food guides to help educate individuals about healthy eating patterns.
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NHANES only captures supplements reported by
participants in NHANES. However, two other federal
databases exist, which capture all dietary supplements
that are currently or have ever been available for
purchase in theUnited States: theDietary Supplement La-
bel Database61 and the Dietary Supplement Ingredient
Database.62

B. Nutrition SurveillancedHigh-Income
Countries

Canada

Similar to the United States, Canada collects nutrition
surveillance data through multiple national surveillance
activities.63 The Canadian Community Health Survey
(CCHS) includes questionnaires related to food security,
fruit and vegetable consumption, and height and
weight. On a periodic basis, detailed nutritional infor-
mation, including a 24-hour recall, suitable to estimate
usual nutrient intakes and population intake distribu-
tions, has been collected in a special survey, called
CCHSdNutrition.64

Themost recent detailed nutrition data were collected
in 2015, with a prior data collection in 2004. CCHS sam-
ples respondents aged 1 and over in the 10 provinces
through a stratified,multistage, cross-sectional sampling
design.65 The targeted sample in 2004 was n ¼ 29,000
and n ¼ 24,000 in 2015.

The Canadian Health Measures Survey (CHMS)
began data collection in 2007. This continuous survey
collects data on approximately 5000 individuals every
2 years and covers the 10 provinces, enrolling partici-
pants between the ages of 3 and 79 years through a
complex, multistage, cluster sampling design to obtain
a nationally representative sample.66 Like NHANES,
CHMS conducts a household interview and collects
anthropometric measures and nutritional biomarkers
in a mobile clinic. The household interview includes
an FFQ to collect information on food group consump-
tion: meat, milk, dairy, grains, salt, dietary fat, fruits,
and vegetables. Nutritional biomarkers, collected
through blood and urine samples, include vitamin B12,
vitamin D, ferritin, iodine, sodium, and potassium.67

Two other surveillance systems of note are the Cana-
dian Total Diet Study (TDS) and the National Nutrition
Food Basket. The Canadian TDS, referred to as a Market
Basket Study in other country contexts, is conducted by
the Bureau of Chemical Safety at Health Canada’s Food
Directorate and monitors contaminants, such as lead,
mercury, arsenic, cadmium, PCBs, dioxins, and pesti-
cides in the food supply.68 It has been a continuous sur-
vey since 1969. Sampling takes place in a different major
city each year with the goal of sampling cities spread
across Canada. Approximately 210 individual food

items are sampled from 3-4 supermarkets and sent to a
centralized laboratory for testing.68

The National Nutrition Food Basket was first con-
ducted in 1974. It describes the quantity and cost of
about 60 foods that represent a nutritious diet by specific
age and gender groups. The government uses the data to
monitor cost and affordability of healthy eating. The last
revision of the National Nutrition Food Basket was in
2008. This revision incorporates food choices reflected
in the 2004 CCHS Cycle 2.2, Nutrition.69 The latest revi-
sion of Canada’s dietary guidelines, Canada’s Food
Guide, published in January 2019,70 included evidence
from CCHS 2004 Nutrition and the CHMS.71

Japan

Japan’s National Health and Nutrition Survey (NHNS)
started as the National Nutrition Survey (NNS) in 1945 in
response to food shortages, concerns about the nutritional
status of the civilian population, and the need to solicit
food aid after World War II.72 This makes it the oldest
continuing NNS in the world. By 2003, the health and
nutritional status of the population had transitioned
from concerns about undernutrition to concerns relating
to chronic disease, prompting a redesign to include chronic
disease surveillance under the current NHNS name.

Since 2003, the survey has been administered as a strat-
ified, two-stageclusteredsampleof thecivilianpopulation
ages 1 year and over with a physical examination, life-
style survey, and dietary intake survey.72 Dietary intake
collection is conducted on a single day, freely chosen by
study participants, between October and December,
excluding Sundays and public holidays, and includes a
four-part, self-administered questionnaire with a house-
hold roster that collects information on meal patterns,
daily step counts, and dietary records.72,73 Household
representatives responsible for food preparation are
instructed by trained interviewers on how toweigh foods
and beverages consumed in the household and complete
the food records. In addition, food waste is captured.
Following completion of the dietary intake and lifestyle
surveys, participants attend a designated facility, within
walking distance of their home, where the physical
examination is performed. Weight, height, abdominal
circumference, and blood pressure measurement are
taken. In addition, a blood sample is collected and amed-
ical interview performed. Data from NHNS is used to
evaluate the national health promotion initiative, Health
Japan 2172; the survey is the only source of national
data on risk factors for chronic disease.

South Korea

The first Korean National Health and Nutrition and
Examination Survey (KNHANES) was administered in
1998, after the Korean National Nutrition Survey merged
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with the National Health and Health Knowledge and
Behavior Survey.74,75 Starting in 2007, KNHANES
became an annual survey that evaluates the health and
nutritional status of the South Korean people. The survey
is conducted by the Korean Centers for Disease Control
and Prevention and captures a nationally representative
cross-sectional sample of 10,000 people, ages 1 year and
over each year. The survey includes a health interview
and health examination (e.g., body measurements, blood
pressure, laboratory tests [blood and urine], dental exam
and lung function), conducted by trained staff in a MEC,
and a nutrition survey, conducted by dietitians in the par-
ticipant’s home about 1 week following the physical
exam in the MEC. The nutrition survey includes an
interview-administered FFQ, 24-hour recall, and dietary
behavior questionnaire that asks about meal skipping,
eating out, use of dietary supplements, and use of food
labeling, among other topics.76

Data from KNHANES have been used to establish
and evaluate national health and nutrition objectives,

develop Korean children and adolescent growth charts,
establish Dietary Reference Intakes, monitor the nutri-
tional status of vulnerable groups, and compare health
indicators internationally.75 KNHANES data are also a
resource to examine dietary patterns and chronic dis-
ease, mental health, and functional outcomes in both
adults and children.76

Australia

Australia collected nutrition data on adults in 1995
when the National Nutrition Survey was conducted
and in 2007 for children ages 2e16 years when the
Australian National Children’s Nutrition and Physical
Activity Survey was conducted.77 Since then, there has
been no regular, national Nutrition Surveillance Pro-
gram (NSP). In 2011e13, two new components were
added to the Australian Health Survey (AHS): the Na-
tional Nutrition and Physical Activity Survey (NNPAS)
and the National Health Measures Survey (NHMS)
(Fig. 12.3).77,78

NATIONAL HEALTH SURVEY (NHS)
16,000 Households

1 Adult + 1 child = 21,120 persons

Detailed conditions 
Medications and supplements
Health related actions
Days of reduced activity 
Social & emotional wellbeing (18+)
Physical activity (15+) 
Private health insurance status (18+)
Breastfeeding (0-3)
Disability status 
Alcohol consumption (15+)
Family stressors (15+)
Personal income (15+)
Financial stress

NATIONAL NUTRITION AND PHYSICAL ACTIVITY  
SURVEY (NNPAS)

10,000 Households
1 Adult + 1 child (2+) = 13,200 persons

Food security 
Food avoidance

Dietary recall (2+)
Physical activity (2+) 

NNPAS
Telephone follow-up 
2

nd
dietary recall

8-day pedometer (5+)

CORE CONTENT
34,000 persons (2+)

Household information  
Demographics 
Self-assessed health status (15+)
Self-assessed body mass (15+)
Smoking (15+)
Physical measures (2+)
Fruit & veg consumption (2+)
Salt use (2+)
Blood pressure (5+)
Female life stage (10+)
Selected conditions 

NATIONAL HEALTH MEASURES SURVEY  
(NHMS)

All survey participants (aged 5 yrs +) invited to 
VOLUNTEER

Key blood tests (12yrs +) and urine tests (5yrs +) 
of nutritional status 

and chronic disease markers 

Structure of the Australian Health Survey 
Sample size = 26,000 households

FIGURE 12.3 Structure of the 2011e13 Australian Health Survey.77 The Australian Health Survey comprises separate surveys with some
measures linked to produce a rich data source to examine multiple dimensions of health in the Australian population. Australian Bureau of Statistics.
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These additions made AHS the largest and most com
prehensive health survey ever conducted in Australia.
NNPAS was administered in 9500 households and
captured a maximum of one adult and one child
(aged �2 years) yielding a sample of 12,000 individuals.
Sample selection was designed to ensure that reliable
estimates could be produced for each state and territory.
Trained interviewers administered questions on food
security, food avoidance, select medical conditions,
sedentary behavior, and tobacco smoking. Physical
measurements (height, weight, waist circumference,
and blood pressure) were collected, in addition to a
24-hour dietary recall. Respondents were also asked to
wear a pedometer for 8 days and provide a second 24-
hour dietary recall by phone. Participants ages 5 and
over were invited to participate in the NHMS, where
blood and urine samples were collected and assessed
for nutritional status and markers of chronic disease.

The usual nutrient intakes based on theNutrient Refer-
ence Values for Australia and New Zealand showed that
73%of females and51%ofmales ages 2 andoverhad inad-
equate intakes of calcium from food consumption.79 Simi-
larly, 23% of females and 3% of males had inadequate
iron intakes from food and 76% of males and 42% of fe-
males exceeded the Upper Level of Intake for sodium.79

The next iteration of the NNPAS is planned for data
collection in 2020e21, with the goal of establishing a Na-
tional Food and Nutrition Monitoring Surveillance sys-
tem, with a commitment to conduct a national nutrition
survey every 10 years.80 Some of the many aims for
this nutrition surveillance system are to (1) inform pol-
icy and regulation, (2) monitor trends over time in the
composition of foods, overall diet, dietary behaviors,
and nutritional status of population (or population sub-
groups), (3) assess dietary and nutrient inadequacies
and excesses, (4) identify barriers to healthy eating, (5)
assess risk of exposure to substances in food, and (6)
assess the use of nutritional supplements and their im-
plications for nutritional intake, nutritional status, and
the health of the population.80

United Kingdom

The National Diet and Nutrition Survey (NDNS) was
initiated in 1992 as a series of periodic, cross-sectional
surveys that were administered to different age groups
of the UK population.81,82 The NDNS Rolling Program
(NDNS RP) began in 2008 and is funded by Public Health
England and the UK Food Standards Agency. It is a
continuous cross-sectional survey that assesses the diet,
nutrient intake, and nutritional status of UK residents
aged 1.5 years and above. Approximately 1000 individ-
uals are sampled each year, half of them adults and half
children. This survey includes an interview, a 4-day
diet record, physical measurements, and blood and urine
samples. The primary goals of the NDNS RP are to

monitor food consumption, nutrient intakes, and nutri-
tional status of the UK population and assess exposure
to food chemicals.83 Data from NDNS RP are used to
assess the impact of health promotion initiatives aimed
at improving diet quality and nutrient intakes.84

Data fromNDSNSRPwereused todevelop theUKEat-
well Guide,85 similar to US national data being used to
develop MyPlate in the United States86 The Eatwell
Guide is a model of a plate that illustrates a balanced
diet in the United Kingdom36,85 (see Fig. 12.2). The foods
depicted on the plate are derived from the NDNS RP and
represent the most commonly consumed foods in the
United Kingdom, but the amounts reflect what is needed
to achieve dietary recommendations.87

Nutrition surveillance with the NDNS program has
been used to monitor changes in dietary quality.
Comparing data obtained in an early periodic survey
with that from the NDNS RP, positive changes have
occurred in the diets of younger children, such as lower
consumption of soft drinks, crisps (i.e., chips) and savory
snacks, and chocolate confectionary among children 4e
10 years in 2008e09 compared with 1997. However, the
need for nutrition surveillance is illustrated by the pro-
portion of girls aged 11e18 years (46%) and women
aged 19e64 years (21%) with mean iron intakes below
the UK lower reference nutrient intake.84

Other health surveys, such as the Health Survey for
England,88 the Scottish Health Survey,89 and Health Sur-
vey Northern Ireland,90 objectively collect information
on health and health-related behaviors (e.g., measured
height, weight, blood pressure, and blood samples). A
brief module on fruit and vegetable consumption is typi-
cally included and can be used to monitor trends in the
percentage of adults who consume five or more portions
of fruit and vegetables per day, in line with the 5 A DAY
guidelines developed by WHO.91,92

C. Nutrition SurveillancedMiddle- and Low-
Income Countries

Recent reviews of nutrition surveillance in middle-
and low-income countries have provided a snapshot of
the current situation and highlight the continued need
for surveillance.15,93e95 In these settings, nutrition surveil-
lance is often constrained by a myriad of factors such as
hazardous conditions related to safety or a harsh physical
environment that limit access to more nutritious foods, in
addition to a lack of human and monetary resources.94

Many middle- and low-income countries also face a
triple burden from malnutrition (child stunting, anemia
in adult women, and overweight in adult women).2

Additionally, undernutrition in these settings can be
life-threatening, and thus requires data to inform quick
action. For these reasons, nutrition surveillance in mid-
dle- and low-income countries can vary significantly
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from country to country, as there is no “one-size-fits-all”
approach.

To meet the timely need for data, nutrition surveil-
lance in middle- and low-income countries often relies
on multiple data collections. Repeated nutrition surveys
that collect data on anthropometry and food security is
one type of data collection. Other data sources include
community-based sentinel sites, feeding program
admissions, and health clinics.94 Many middle- and
low-income countries rely on anthropometry as a pri-
mary indicator and dietary intake as a secondary
indicator.15,93,94 In the context of chronic deprivation, ad-
missions to feeding programs and data from health
clinics can inform nutrition surveillance.

Somemiddle- and low-income countries have national
nutrition surveillance programs, while others rely on pro-
grams conducted by international organizations, such as
the DHS supported by the US Agency for International
Development (USAID)96 and the MICS, supported by
the United Nations Children’s Fund.97 DHS began in
the mid-1980’s and MICS began 10 years later, in the
mid-1990’s. These surveys are periodic; however, one
usually takes place every 3e5 years in a country or re-
gion, thus enabling monitoring of trends.

Local interviewers with local knowledge are hired to
conduct the survey, but training and supervising a vast
force of interviewers is both challenging and expensive.
DHS and MICS provide estimates of nutritional status
for national and regional assessment, including urban/
rural areas about a year after data collection. However,
like many high-income countries, finer granularity at
the subregional or local level is not possible.

Twoadditional toolsused inmany low-incomecountries
includetheStandardizedMonitoringandAssessmentofRe-
lief and Transition (SMART) methodology98 and software
for Emergency Nutrition Assessment (ENA).99 SMART,
launched in 2002, is a broad, interagency collaborative of
humanitarian practitioners (donors, policymakers, experts
in the field, international and UN agencies, universities,
research institutes, and governments). It was initiated in
2002 to address the difficulty in comparing monitoring re-
sults across surveys due to the lack of standardization of
methodology and measures. SMART therefore provides
a framework to compare data collected on two indicators
to assess the magnitude and severity of a humanitarian
crisis: the nutritional status of children under 5 and the
mortality rate in the population.98

To further aid this effort, ENA was developed for
SMART to make recording and calculating indicators
easy and reliable.99 The latest version of the ENA soft-
ware is available for download on the SMART website,
http://smartmethodology.org.

Another resource to find data on nutrition and health
is the Global Health Data Exchange, http://ghdx.
healthdata.org/countries. Below, case studies of nutrition

surveillance from three middle- and low-income coun-
tries are presented.

Mexico

Mexico is considered an upper middle-income coun-
try by the World Bank, and a newly industrialized coun-
try. The contrast between Mexico and other middle- and
low-income countries illustrates why there is no “one-
size-fits-all” for nutrition surveillance. The first National
Nutrition Survey (NNS-1988) in Mexico was conducted
in 1988 by the Ministry of Health and the National
Institute of Public Health.100 Prior surveys in Mexico
were not probabilistic, nor did they cover both urban
and rural zones, thus they were not nationally or
regionally representative. NNS-1988 focused on two
groups considered the most nutritionally vulnerable:
children <5 years and women of reproductive age (12e
49 years). The survey collected measured height and
weight, dietary intake (24-hour recall), sociodemographic
characteristics, and health and illness indicators.100

Tenyears later, a follow-up survey,NNS-1999,was con-
ducted to collect updated information on the nutritional
status of the country considering the high prevalence of
both malnutrition and overweight found in 1988.101

NNS-1999 showed that the stunting, anemia, and micro-
nutrient deficiencies were the leading problems related to
poor nutrition. However, overweight and obesity were
also identified as a public health concern.100

Beginning in 2006, the cross-sectional survey was
renamed theMexicanNational Health andNutrition Sur-
vey (ENSANUT 2006) and expanded to cover all
individuals ages 1 year and older. The survey collected
information on the household, general health, and
anthropometry and also included biochemical tests and
dietary assessment. Dietary data were collected using a
semiquantitative FFQ.102 ENSANUT 2006 showed that
the national prevalence of underweight (3.4%), stunting
(15.5%), and wasting (2.0%) in children <5 years were
considerably lower than two decades earlier.100 In
contrast, the prevalence of overweight and obesity
among adults ages 20 years and over was 70%, and
among children and adolescents ages 2e18 years, almost
one-quarter had overweight or obesity (24%).100 In 2012,
the survey was repeated using the same methodology
and instruments, and data have been used to monitor
trends in nutrition status in both children and adults.103

ENSANUT MC 2016 is the most recent version of the
survey, administered to gather information on the
impact of nutritional policies that had been enacted
since ENSANUT 2012, in addition to general surveil-
lance activities. Due to concerns about the rising rates
of obesity and the widespread consumption of sugar-
sweetened beverages (SSBs) in Mexico, a national SSB
excise tax of one-peso per liter (a 10% increase) was
passed on January 1, 2014.104
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Data from ENSANUT 2016 have been used to eval-
uate the impact of an SSB excise tax on the probability
of decreased SSB consumption, conditional on multiple
sociodemographic factors, such as awareness of the
tax, and beliefs about its effectiveness. One study found
that adults who were aware of the SSB data were more
likely to report a decrease in SSB consumption,
compared to those who were not aware.104 Additional
results on anemia105 and physical activity106 have been
generated from ENSANUT 2016.

India

India has multiple surveys that provide information
on nutrition and health, collected at national, state,
and vulnerable area levels.107,108 For example, the Minis-
try of Agriculture monitors food production. The Indian
Government’s National Sample Survey conducted by
the Ministry of Statistics and Programme Implementa-
tion monitors household expenditures. Recent estimates
found that Indian households spend nearly half of their
income (45%) on food and India’s food subsidy program
provides for nearly 800 million people, receiving nearly
1% of Gross Domestic Product.109 The National Sample
Survey Office (NSSO) of the Ministry of Statistics and
Programme Implementation has collected data on
poverty, affordability, and food expenditures since
1975. On an annual basis, NSSO publishes reports that
can be used to monitor per capita consumption of bulk
food items. However, this information can only be
used to monitor what was purchased for consumption
at the household level. It does not measure the foods
actually consumed and it does not capture foods
consumed outside the household.110

Of the large-scale, national-level, community-based
surveys, only the National Nutrition Monitoring Bureau
(NNMB) collects information on actual intakes at the
household and individual level using a 24-hour recall.
Many of the other surveys collect nutrition and food in-
formation at the household or individual level using
FFQs (National Sample Survey, National Family Health
Survey, District Level Household Survey, India Health
and Development Survey, Indian Migration Study, and
the Andhra Pradesh Child and Parent Study).107,108 The
NNMB,111 established in 1972, is part of the National
Institute of Nutrition and has administered national
nutrition surveys, starting in 1975e79, that have been
repeated in the same villages in 1988e89, 1996e97,108

2004e05, and 2011e12.107 In 1993, the Government of In-
dia adopted their National Nutrition Policy which called
for strengthening of the existing NNMB to allow for com-
parison of data from all over India to inform policy aimed
at eliminating malnutrition for all.111

NNMB surveys have been conducted in 10 of the 27
states of India (Andhra Pradesh, Gujarat, Karnataka,
Kerala, Madhya Pradesh, Maharashtra, Orissa, Tamil

Nadu, Uttar Pradesh, and West Bengal). They collect
sociodemographics, measured height, weight, and waist
circumference, and one 24-hour recall for respondents
ages 1 y and over and are typically repeated every
3 years.95 A comparison of data from three time points
in NNMB (1975e79, 1996e95, and 2011e12) found a sig-
nificant decline over time in chronic energy deficiency
among rural, nonpregnant, nonlactating (NPNL)
women aged 18e60 years, from 52% to 46%e34%.
Over the same period, the prevalence of overweight/
obesity increased from 7% to 13%e24% among NPNL
women 18e60 years.112 NNMB data have also been
used to document underweight, stunting, and wasting
and associated factors among infants <3 years113 and
children <5 years114 and the prevalence of over-
weight/obesity, hypertension, and diabetes among the
adult rural population.115

Ethiopia

For several decades, recurrent droughts have led to
crop and livestock failures in Ethiopia, creating a food
insecure situation ripe for malnutrition.116 The National
Surveillance Program (NSP) in Ethiopia, run by Save the
Children between 1986 and 2001, provided information
to the Ethiopian government’s Early Warning System to
identify areas of food insecurity.15 The program was
comprised of annual cross-sectional cluster surveys with
quarterly longitudinal follow-up of 50 children younger
than 5 years in areas prone to famine.15 A total of 9250
children were followed each year. Data collected included
anthropometry and food security questionnaires and
were mainly used to inform requests for food aid.15

The Ethiopian government did not have the capacity
to take over the NSP after a planned 3-year transfer of
administration by Save the Children beginning in
1998,15 and this led to the establishment of the Ethiopian
Emergency Nutrition Coordination Unit (ENCU) within
the Early Warning Department of the current Disaster
Risk Management and Food Security Sector in the Min-
istry of Agriculture and Rural Development.116

With this change, the NSP has become an “as-needed”
survey, with more emphasis on rapid nutrition assess-
ment rather than monitoring a deterioration in food
security.15 To ensure comparability across surveys and
rapid results, SMART technology is used, with EMA
software.15,94,116 The ENCU approves all nutrition sur-
veys before they are administered to ensure data quality,
while the Complex Emergency Database (CE-DAT) team
compiles the data on health and nutrition indicators
into a publicly available database used to monitor nutri-
tional status.116,117 Analyses using data fromCE-DATand
other publicly available databases found that the esti-
mated pooled prevalence of wasting was 11% between
2000 and 2013 among children ages 6e59 months.117 In
contrast, data from the Ethiopian DHS for 2016 found
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that 14% of infants 0e24 months had wasting and 8% of
older infants 25e59 months were wasted.118 The Ethio-
pian DHS was conducted in 2016 by the Central Statisti-
cal Agency under the guidance of the Ministry of Health
and is the fourth nationally representative survey.

IV. ISSUES SPECIFICALLY RELATED
TO NUTRITION SURVEILLANCE

There is a stark contrast between the challenges associ-
ated with nutrition surveillance in middle- and low-
income countries compared to high-income countries.
The metrics used can differ (anthropometry vs. dietary
assessment), resources varywidely, and critically, the out-
comes monitored (undernutrition vs. overnutrition) have
different timelines, consequences, and challenges. Mid-
dle- and low-income countries are often faced with the
triple burden of nutritional issues as mentioned earlier,
a situation that stretches already limited resources.

A. Importance of Data Quality

Dataquality,however, isakeynecessity innutritionsur-
veillance, irrespective of context. The need for high data
quality applies across country settings, data capture tools,
measurement techniques, and nutrient databases. High-
quality anthropometric data reflect standardized mea-
surements. Participant-reported values do not provide
the same level of accuracy as measured values.119 More-
over, training ensures that measurements are comparable
over time and across settings.120 Nutrition surveillance in
the United States relies on food and nutrient databases,
maintained by the Methods and Application of Food
Composition Laboratory at the Beltsville Human Nutri-
tion Research Center, ARS of USDA. Nutrient databases
translate the detailed information collected about the
type and quantity of foods consumed into information
about the composition (i.e., protein, fat, vitamin, min-
erals) of foods and diets. If the database is lacking in cur-
rent values, any analysis using the database will also be
lacking. ARS scientists have developed and maintained
the databases to ensure accuracy by using up-to-date lab-
oratory practices, nationally representative analytical
samples, establishing protocols for handling missing
values and limitations, prioritizing nutrients and foods
commonly consumed in the US diet, documenting
changes in methodology over time, and performing
integrity checks to ensure high data quality.121,122 In addi-
tion to nutrient values, portion sizes, food names, and
recipes need to be updated and tracked on a continuous
basis.123 Keeping these databases current requires signif-
icant investments in time and money.

High quality in data collection tools is also critically
important. The USDA AMPM developed by the Food

Surveys Research Group at ARS/USDA was validated
through a series of studies to enhance and improve
data collection with a 24-hour recall.124 As previously
mentioned, the SMART methodology98 and ENA sys-
tem99 were developed to ensure high data quality in
low-income settings and allow for comparability across
surveys.

The foil to high data quality is measurement error.
Measurement error is the difference between observed
(or measured) value and the true value; it is a part of
any measurement, not just dietary assessment. Measure-
ment error is not a new concept in the field of nutrition
surveillance,125 and a great deal of progress has been
made to describe measurement error and its impact on
dietary assessment.126 In addition, analytic methods
have been developed to mitigate the effect of measure-
ment error.127e129 No single tool is perfect, and a combi-
nation of tools draws on the strengths of all tools
employed,130 and innovations in the field of dietary
assessment continue, as discussed below.

B. Introduction of New Technologies

Widespread access to the Internet, mobile phones,
and mobile phones with integrated cameras has led to
an explosion of advances to both improve speed of
data collection and analysis, while also addressing limi-
tations associated with measurement error in dietary
assessment.131 Many new technologies are web-based,
which allow for both self-administration of question-
naires and use anywhere with Internet connectivity,
allowing more flexibility and immediate analysis of the
food and nutrients reported as consumed.132 Wearable
technology133e135 and natural language processing are
also areas of active research.136,137

The ASA24138 is a web-based, automatically coded,
self-administered dietary assessment tool that can
capture 24-hour recalls and/or single or multiple day
food records. It was developed by the NIH’s National
Cancer Institute, under contract with Westat, a social
science research firm, and is based on the USDA’s
AMPM method that is used to collect individual
24-hour recalls in the nationally representative sample
of the US population in NHANES.124 ASA24 can be
self-administered, allowing respondents to complete
the 24-hour recall at their leisure, so long as they have
connection to the Internet. Because ASA24 is autocoded,
food and nutrient composition of the reported foods and
beverages is available immediately after completing the
recall or record, allowing timely feedback for use in both
clinical and epidemiological settings.

ASA24 has also been adapted for use in Canada and
Australia and is available in English and Spanish
(US version) and English and French (Canadian
version).138 Self-administered ASA24 requires basic
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literacy, numeracy, and computer savvy, limiting its use in
some populations (e.g., young children, elderly); howev-
er, some of these limitations can be mitigated with inter-
viewer administration. ASA24 use is also limited by the
need for continuous Internet connectionwhile completing
the 24-hour recall or record.138 Other web-based dietary
assessment tools include myfood24, Intake24, NutriNet-
Santé, DietDay139, and INDDEX24.140,141

The Technology Assisted Dietary Assessment or
TADA mobile food record application (mFR)142,143

layers digital images, taken with a cell phone, with a
traditional food record. Using a single photo with a fidu-
cial marker (an object that is placed next to the food
before the photo is taken to provide context as to the
size and color of the food) and mathematical algorithms,
the TADA system identifies the food item and estimates
the portion size of the foods consumed. This information
is paired with the food record to capture the details
about the type of foods and beverages consumed. Other
mobile dietary assessment systems under development
include FoodLog,144 DietCam,145 and Im2Calories.146

Other technological advances thatmerit further investi-
gation include wearable technology, such as glasses with
cameras to capture real-time eating occasions,134,147 bite
or chew sensors,148e151 and voice-based nutrition records
that utilize natural language processing to convert the
spoken word to text.136 These tools need not be used in
isolation; in fact, combining data from multiple instru-
ments may improve precision.130

C. Merger of Environmental Data With
Nutrition Surveillance Efforts

Novel linkages to established databases or linkages to
newlycreateddatabasesprovideopportunities toexplore
new aspects about food and diet. Increasingly, the impact
of diet on both human health and environmental sustain-
ability has garnered attention.152 Metrics to measure this
aspect of diet are still under development, but efforts to
link average daily greenhouse gas emissions, in carbon
dioxide equivalents, to individual foods reported by
participants in the US NHANES data153 are underway.
The result is a database that presents a unique opportu-
nity to investigate the carbon footprint of common die-
tary patterns in the United States and may shed light
on the environmental impact of food choices.

Another facet of diet that has recently been explored
is the degree of processing a food item has undergone
and the purported impact on diet quality154,155 and
health.156 The NOVA157 system of food classification is
one of themany systems that has been developed to iden-
tify possible effects of ultraprocessed foods on diet qual-
ity and the sustainability of food systems.158 Additional
areas of active research include the “omics,” such as
metabolomics, genomics, proteomics,159 and the micro-
biome160 that seek to characterize and quantify all the
molecules in a system (i.e., cell, organ, individual) to pro-
vide insight into the function of the system. These fields
may one day be included in future surveillance efforts.

RESEARCH GAPS

• Research on human milk composition
• Research on methodologies to obtain quality food/formula consumption data in infants and young children
• Continued technological innovations in dietary assessment to reduce measurement error and respondent

burden
• Integration of surveillance system methodology to enhance comparisons between countries and

organizations
• Validation that resources put into surveillance result in improved public health programming and serve as

the factual basis for public health policies in support of, or in refuting, political agendas
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SUMMARY

Dietary patterns examine the combinations, types, and amounts of foods consumed in the diet. There is
now global consensus that food and nutrition policies should be informed by evidence regarding dietary
patterns. Dietary patterns are assessed using two main approaches, namely, data-driven approaches
based on multivariate statistical techniques (e.g., principal component analysis, cluster analysis, and
reduced rank regression) or investigator-defined patterns commonly based on “a priori” dietary guide-
lines or recommendations (e.g., diet quality scores). Dietary pattern methods can be used to address a
range of nutrition science issues including etiological research using observational and experimental
designs, behavioral research, monitoring, and surveillance and in dietary guideline development. Despite
large developments in the field of dietary patterns, key research gaps remain such as a lack of primary
studies for some health outcomes and populations, an understanding of the role of dietary patterns in
dietegene interactions and individual responses to diet, and methodological issues that impact the
synthesis of evidence for use in the development of dietary guidelines.

Keywords: Data-driven methods; Diet quality index; Dietary patterns; Healthy Eating Index; Investigator-
defined methods; Principal component analysis; Total diet.

I. INTRODUCTION

The study of dietary patterns is now an established
field in nutrition that has evolved over the last 40 years.
The first studies on what we now consider dietary pat-
terns were published in the early 1980s.1e3 These studies
used multivariate statistical methods to capture the
complexity of food intake. Subsequently, the field grew
during the 1990s with the addition of studies capturing
dietary patterns using methods to assess diet quality4,5

and dietary diversity.6 The study by Slattery et al. on
diet and colon cancer7,8 is considered a seminal publica-
tion and a key time in nutritional epidemiology for die-
tary patterns. Since that time, dietary patterns research
has continued to flourish and research studies using
these methodologies have grown exponentially.9,10 These
early studies used a variety of definitions; however, over
time, there has been increasing consensus in terminology

and approaches. This chapter will outline commonly
used definitions of dietary patterns, key concepts, and
the major methodologies used commonly in the field. It
will also summarize the applications and use of dietary
patterns evidence and identify research gaps and limita-
tions in the evidence base.

II. DEFINITIONS

Dietary intake is a complex exposure, with multiple
layers reflecting a continuum from nutrients to foods to
eating occasions to dietary patterns (Fig. 13.1). Each of
these layers, and the interplay between them, is impor-
tant to health and provides a unique perspective to our
understanding of contemporary nutrition problems.

Definitions of dietary patterns have evolved over
time, and there are a number of different definitions of
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dietary patterns in the literature (see Box 13.1). Early
research used a variety of terms and definitions, with
Slattery et al.7 using the term “eating patterns” to
describe statistically derived patterns from food con-
sumption data. The two most commonly accepted defi-
nitions now in use are the United States Department of
Agriculture (USDA) Dietary Patterns Systematic Review
Project definition11 and the definition put forward by Hu
et al.12 and acknowledged in the taxonomy of dietary be-
haviors by Stok et al.13 The USDA definition describes
dietary patterns as the quantities, proportions, variety,
or combination of different foods, drinks, and nutrients
(when available) in diets and the frequency with which
they are habitually consumed. Notably, this 2014 defini-
tion has been subsequently modified to describe “food
patterns” or “food-based dietary patterns” and removes
any reference to nutrients.14

Researchers have often defined dietary patterns using
anoperationaldefinition, that is, according tohowdietary

patterns are measured or assessed.15,16 This approach is
useful in some contexts, for example, when conducting
systematic reviews and meta-analyses as it can provide
clear inclusion and exclusion criteria. However, it
important to remember that conceptually, the study of
dietary patterns aims to capture the multidimensional
and complex nature of diet, assessing the total diet
rather than intakes of individual nutrients or foods,
and restricting the definition to the methodological
approaches used may limit the emergence of new ap-
proaches and techniques to capture dietary patterns.

III. CURRENT STATUS OF FIELD

A. Why Are Dietary Patterns Important?

Dietary patterns have emerged as an important expo-
sure in nutritional epidemiology. This interest has
increased alongside the lack of success of dietary inter-
vention studies focused on single nutrients such as those
examining b-carotene17 and the development of inter-
ventions based on the “total diet” such as the Lyon
Diet Heart Study and the Dietary Approaches to Stop
Hypertension (DASH) trial.18,19 Additional evidence of
the inadequacies of a single-nutrient approach is
provided by meta-analyses of the role of saturated fat
and cardiovascular disease which demonstrated incon-
sistencies in the existing literature when examining
nutrient-focused research.20

There are a number of advantages of using dietary
patterns to reflect dietary exposure rather than individ-
ual nutrients or even individual foods. Biologically, die-
tary pattern research has the potential to capture

Dietary  Patterns

Foods

Eating Occasions

Nutrients

FIGURE 13.1 Dietary intake is a multilevel exposure reflecting a
continuum from nutrients to foods to eating occasions to dietary pat-
terns. Each of these layers and the interaction between them are
important for health.

B O X 1 3 . 1

Evolution of different definitions for dietary patterns

1981
Food eating patterns: Foods as they are actually consumed in various characteristic combinations.2

2002
Dietary patterns: Specific combination of foods and beverages one eats on a regular basis, which includes a
specific mix of nutrients.12,13

2014
Dietary patterns: The quantities, proportions, variety, or combination of different foods, drinks, and nutri-
ents (when available) in diets and the frequency with which they are habitually consumed.11

2018
Food patterns: The quantities, proportions, variety, or combinations of different food and beverages in diets
and the frequency with which they are habitually consumed.14
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interactions that may occur between a variety of food
components and constituents and reflects the potentially
important role played by the food matrix. Additionally,
there are still components in foods where the biological
action is unknown or not well characterized; therefore,
food-based approaches to dietary patterns can account
for this. Dietary patterns research can capture the
concept of dietary balance as it can incorporate multiple
aspects or dimensions of diet simultaneously and recog-
nize that a critical factor in disease prevention may be
the balance between protective and harmful compo-
nents of diet. It is also acknowledged that intakes of
most nutrients are highly correlated, and statistically, it
can be difficult to examine the effects of one nutrient21;
therefore, dietary patterns can address this issue of
multicollinearity. Finally, a dietary patterns approach
can address the fact that small changes or differences
in individual foods may not demonstrate associations
with health outcomes, but there may be cumulative
and synergistic health benefits of multiple foods.22

B. Assessing Dietary Patterns

A number of key methodologies have emerged over
time in the dietary pattern literature (Table 13.1). These
are grouped into two major types: (1) data-driven
methods (also referred to as empirical methods or “a pos-
teriori” methods) and (2) investigator-defined methods
(also referred to as “a priori” methods). Each of these
methods provides a composite or summary measure of
dietary behaviors; however, it is important to recognize
that each of these methods addresses the issue from a
different perspective and the particular method of choice
will depend on the research question.

Data-driven methods

Data-driven methods utilize a range of multivariate
statistical approaches to summarize a large number of
dietary variables into integrated measures of diet and
are often considered data reduction techniques. Dietary
intake variables are known to be highly correlated, and
the statistical approaches utilized take advantage of
this characteristic. There are three commonly used
methods in the literature, namely, principal component
analysis, cluster analysis, and reduced rank regression,
with principal component analysis currently the most
popular method.9 Data-driven approaches allow the
data to determine the dietary patterns and hence
describe the patterns of eating that actually exist in the
population rather than depending on the researcher’s
previous knowledge or preconceived ideas of popula-
tion intakes or dietedisease relationships. They can
provide useful insights into existing dietary behaviors.

One of themajor criticisms of data-driven approaches is
that there a number of decisions that must be made by the
researcher during the analysis process, and some of these
decisions may be considered subjective. One of the deci-
sions that influence all types of data-driven methods
relates to the development of the food groups used as the
inputvariables for thestatisticalanalysis.23 This is a subjec-
tive step, and there are a large range of different food
groupings applied in the literature to date.24,25 Food
groupings and categorizations may be based on existing
food categorization systems used in national food
composition databases, which in turn may apply food
commodity approaches and nutrient composition consid-
erations. Dietary patterns research also commonly incor-
porates other theoretical considerations such as culinary
uses of foods and behavioral aspects of how foods are
consumed; however, these factors are likely to vary across
countries and population groups. Approaches to food
categorizations may reflect different goals and research
questions. There has been little research on the impact of
different food categorizations on the outcomes of dietary
patterns research. However, one early study by McCann
et al.26 addressed this issue indirectly.McCann et al.26 con-
ducted analyses assessing dietary patterns using factor
analysis and compared the dietary patterns when using
36 broad food groups versus 168 single food items. The
authors found that the number of patterns, and qualita-
tively the type of patterns identified (in terms of the types
of foods associated with each pattern), was not impacted.
However, associations between the dietary patterns and
the health outcome (cancer) were attenuated when using
the broad foods groups. This suggests that important
information was lost and that more detailed food
information may be beneficial when examining relation-
ships with diet and health.

Factor analysis and principal component analysis; Factor ana-
lysis and principal component analysis (which is a type
of factor of factor analysis) are the most common data-
driven methods used to derive dietary patterns.9,12,27

These methods employ the correlations between foods
consumed in the diet to describe the variations in food
intakes that exist in a population. These methods result
in latent variables or “factors,” which are the dietary
patterns. These factors are defined by the foods whose
consumption is highly correlated with the factor.
Specific criteria are applied when determining the
number of dietary patterns to extract including the
eigenvalues (usually >1.0), the identification of a break
point in the scree plot, and interpretability of the
patterns.28,29 To date, the majority of studies have
identified three or fewer patterns.9 The foods that load
“highly” are the major contributors to the dietary
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TABLE 13.1 Dietary pattern assessment and methodology.

Method Description Examples

Challenges in use or

interpretation Use Research gaps

Data-driven dietary

patternsd“a posteriori”
• Use a range of

multivariate
statistical techniques
to reduce a large
number of dietary
components

• Utilize the highly
correlated nature of
dietary intake
variables

• Describe patterns
that exist in the
population

• Methods vary
according to whether
they are outcome
independent (e.g.,
principal component
analysis) or outcome

• Factor analysis and
principal component
analysis

• Cluster analysis
• Reduced rank

regression

• Multiple different
methods and some
aspects of methods
are well defined

• Some steps require
subjective decisions

• Dietary patterns
identified do not
always reflect
current knowledge/
guidelines on
optimal eating
patterns

• Identify
relationships
between diet and
health

• Identify groups of
people (cluster
analysis)

• Understand
pathways or
mechanisms
between diet and
health (reduced rank
regression)

• How many foods
groups are optimal?

• Reduced rank
regressiondwhat
are the optimal type
and number of
intermediate
markers?

• Can data-driven
dietary patterns be
used to develop
quantitative dietary
recommendations?
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dependent (e.g.,
reduced rank
regression)

Investigator-defined

dietary patternsd“a
priori”

• Describe intakes
according to
prespecified criteria,
guidelines,
recommendations,
or knowledge

• Investigator defines
the attributes of the
dietary patterns and
the criteria and cut
points to assess the
degree of
concordance

• Attributes may be
nutrient-based, food-
based, or both
nutrient and food
intakes combined

• Most commonly
calculated as indexes
or “diet quality
scores”
operationalizing
national dietary
guidelines

• May also reflect
other selective or
predefined diets,
e.g., vegetarian diets

• Recent approaches
may be based on
single attributes such
as level of processing
or level of plant-
based foods versus
animal-based foods

• Large number of
existing indices
worldwide

• Healthy Eating
Index,

• Diet Quality Index,
• Mediterranean Diet

Scores,
• Dietary

Inflammatory Index,
• Dietary variety

scores

• Low proportion of
participants
consuming a diet
consistent with the
dietary guidelines
can lead to lack of
variation in the
population

• Single summary
score can be
achieved in multiple
ways that can make
interpretation
difficult

• Identify
relationships
between diet and
health

• Assessing
intervention
outcomes

• Monitoring and
surveillance

• Refining the
development of diet
quality indices

• How do we know
which attributes or
dietary factors are
the most important
to include? What are
the best indicators or
measures of these
attributes? What
criteria or cutpoints
should be used?

• What is the
minimum set of
indicators to
include?

• What is the impact
on small changes in
an index or score?
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patterns and often the foods used to label or develop a
name for the dietary pattern. Considerable variability
exists in the literature related to the cut point for factor
loadings; however, loadings from 0.20 to 0.40 are most
commonly utilized. For each dietary pattern identified,
a dietary pattern score is calculated based on the food
intake input variable and the factor loading for each
food. This score reflects how well a participant’s dietary
intake reflects the dietary pattern of interest.30,31

When using this method, it should be recognized that
a person’s overall dietary pattern is most adequately
represented by the combination of all the dietary pat-
terns identified in the population. For example, if a
study identifies two dietary patterns, a participant will
have a score describing their intake of the foods for
each of these patterns. Often the dietary patterns are
investigated separately with the outcome of interest,
but it may also be important to investigate the impact
of both patterns simultaneously. One of the major
analytical advantages of the factor analysis or principal
component analysis approaches is that it results in a
continuous score. A continuous score is an advantage
with respect to interpretation, as it aligns with concepts
of other nutrient and food intake variables. From a sta-
tistical perspective, it maximizes statistical power to
detect dietedisease relationships (compared to cluster
analysis and other person-centered approaches).

Cluster analysis and other person-centered approaches; Cluster
analysis is a statistical method that aims to describe
variations in food intakes and separates individuals
into mutually exclusive groups or clusters.32 People
are clustered in groups based on difference and similar-
ities in food intakes. The aim is to generate clusters
where people within clusters have as similar food
intakes as possible and to maximize the difference in
food intake between clusters ensuring the within-
cluster variability is small compared to the difference
between clusters.30 Food and beverage intakes (the
input variables) are commonly expressed as either
frequency of intake or percentage of energy intake15

and standardized food intakes may be used as cluster
analysis is sensitive to outliers. The two most common
clustering techniques include the K-means method and
Ward’s hierarchical clustering.15

As with PCA, a number of steps in cluster analysis
require subjective decisions, and a key issue in using
cluster analysis is determining the number of clusters
to report. The K-means method requires that the number
of clusters extracted is predefined by the researcher,
while the Ward’s method does not. These methods are
often used together to determine the number of clusters
to report from the data.33 The subjective nature of this
analysis can be minimized using empirical stopping
rules such as the CalinskieHarabasz index (K-means

CA) or the DudaeHart stopping rule (Ward’s hierarchi-
cal clustering method), to determine the optimal num-
ber of clusters.34 The number of clusters is often also
determined based on size of the cluster where clusters
containing less than <10% of the total sample are
considered too small for adequate statistical power.
Finally, the interpretability of dietary pattern clusters is
also examined to confirm the final solution.34

More recently, latent class and latent profile analysis
has been used as an alternative method for cluster anal-
ysis, and there are a growing number of studies applying
this methodology.35 Conceptually, they are similar to
cluster analysis in that it attempts to create mutually
exclusive groups or classes based on variations in food
consumption, maximizing variation between the groups.
Latent class and latent profile analysis use different
algorithms and assumptions based on maximum likeli-
hood methods. They have a number of advantages
over cluster analysis including the ability to use input
variables with different scales or units, with no require-
ment for standardization before analysis. Furthermore,
there are formal criteria based on goodness-of-fit tests
for selecting the number of dietary patterns to retain
reducing the criticism of subjectivity involved with
data-driven dietary pattern assessment.

Cluster analysis and other person-centered approaches
are intuitive from a public health or clinical perspective
as conceptually these approaches identify groups of
people and may be useful to identify target groups for
intervention. However, cluster analysis has a number of
disadvantages in a research context. It can result in
limited statistical power, particular in studies with
smaller sample sizes or where the groupings result in
clusters with small numbers of participants. These anal-
ysis methods also can be particularly challenging when
conducting longitudinal studies in terms of assessing
clusters at different time points and changes over time.36

Reduced rank regression; Reduced rank regression is comm-
only considered a hybrid method in that it is primarily a
data-driven approach and also incorporates prior
knowledge.37,38 It is a statistical technique that aims to
examine pathways through which food intake impacts
health outcomes and the pathway or mechanisms
through which diet may act. In reduced rank
regression, the researcher identifies the food groups
and the health outcome of interest and a set of
intermediate variables that are chosen on the basis of
previous knowledge. The intermediate variables that
have been commonly used are nutrient intakes,
biomarkers of nutritional status or other biomarkers of
the disease process, or risk factors for the health
outcome. The analysis is conducted in two steps. The
first step examines the combinations of foods that
predict the intermediate variables using regression.
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Loadings for each food are derived and used to calculate
a dietary patterns score (similar to the approaches used
to calculate scores for factor or principal component
analysis). Unlike factor or principal component analysis,
the maximum number of dietary patterns that can be
extracted is fixed and is determined on the number of
intermediate variables used in the analysis. This reduces
the number of subjective decisions required when
developing the dietary patterns. Many studies have only
examined the first pattern extracted, which by default
explains the greatest variation in intermediat variables.
In the second step, the relationship between dietary
pattern scores and disease outcome is tested using
standard epidemiological designs and methods.

Reduced rank regression methodology has been used
to study dietary influences on obesity,39 CVD,40,41 dia-
betes,42 and all-cause mortality.43e45 This method is
different from other dietary pattern approaches as it
identifies foods that explain variation in intermediate
markers rather than explaining variation in food in-
takes.37 Therefore, it is particularly suited to etiological
work and can be used to identify or confirm pathways
through which dietary patterns may act, rather than
identifying underlying behavioral food intake patterns.

Compared to other methods of dietary pattern assess-
ment, reduced rank regression has been used less
frequently. This may be due to the complexity of the
method as many decisions are required including
identifying suitable intermediate variables. Nutrient
variables have commonly been used, perhaps reflecting
the lack of appropriate biomarkers of nutritional status
available or lack of other markers of the disease pro-
cesses. More research is required to understand the
optimal number and combination of intermediate
markers to include and the impact of using different
markers. For example, it is likely that some disease out-
comes have multiple mechanisms through which diet
may act, each with multiple potential markers, and it
is unclear whether these should be examined separately
in reduced rank regression modeling.

Investigator-defined patterns methods

The second major approach to assessing dietary pat-
terns is the use of investigator-defined methods that
are also referred to as “a priori” methods. Within this
category, there are a number of different ways to
construct the dietary patterns. However, the overarching
principal is that the dietary patterns are defined by the
researcher, and the aim is to describe intakes according
to previous knowledge, guidelines, and recommenda-
tions using prespecified criteria. The researcher selects
the attributes, that is, the food components or items
that make up the dietary pattern, the indicators to
include, and the criteria and cut points to assess the de-
gree of concordance with those attributes. The attributes

may be nutrient-based, food-based, or combine both
nutrient and food intakes. The attributes and cut points
are commonly selected on the basis on national dietary
guidelines, food selection guides, and nutrient reference
values. Dietary intakes of individuals are then scored
against these prespecified attributes and criteria to
determine how well their dietary pattern aligns. Dietary
indices or diet quality scores are the most well-known
and commonly used form of investigator-defined die-
tary patterns. Other approaches to investigator-defined
patterns are the use of selective dietary patterns, for
example, vegetarian diets, or a focus on single attributes
such as dietary diversity.6 More recently, the level of
food processing has been suggested as a key attribute
for defining dietary patterns.46

As noted, dietary scores or indices may be based on
nutrients, foods, or both nutrients and food.
Food-based dietary indices have theoretical and prac-
tical advantages over those that incorporate other
dietary constituents such as nutrients.47 From a theoret-
ical perspective, using a food-based approach is a less
reductionist paradigm. It retains the complexity of
food intake, including the food matrix and the variety
of nutrient and non-nutrient components in food, and
these are principles that underpin the study of dietary
patterns. Food-based indices and scores are also consis-
tent with international calls for food-based dietary
guidelines.48 Conceptually, food-based scores also are
more similar to the other data-driven methods of assess-
ing dietary patterns, which are solely focused on food
intakes.15 Food-based scores also have practical benefits.
Food-based scores can be more readily applied to brief
dietary assessment tools that assess food intakes rather
than those diet quality scores that required detailed
assessments of nutrient intake. Therefore, food-based
scores may be more suitable for some monitoring and
surveillance activities.49

Table 13.2 describes a range of commonly used diet
quality scores within the literature and the key charac-
teristics of these scores. From this table, it can be seen
that scores have been developed to capture a wide
range of dietary profiles, and each one contains varying
attributes, and have different criteria. Different scores or
indices may have different primary aims and may
address different research questions. Therefore, when
selecting a diet quality tool, it is important to evaluate
the underlying objective and its appropriate application
in each context. One of the most well-know diet quality
scores is the Healthy Eating Index (HEI).5,50,51 USDA
developed this score to assess compliance with the
Dietary Guidelines for Americans. The HEI was first
released in 19955 and has been continually refined and
updated to reflect ongoing updates to the Dietary
Guidelines.52,53 It was originally applied to assess the
diet quality of individuals, and subsequently, the HEI
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has been used to assess diet quality of multiple layers of
the food system. The HEI is commonly used in other
countries; however, often the cutoffs or criteria for
specific components of the dietary index are altered
to reflect local guidelines and nutrient reference
values.54e57

C. Comparability of Dietary Patterns

A significant issue facing dietary pattern research is
comparability across studies using different methods
and in different populations groups. Some of the reasons
for this arise from use of different methodological

approaches, the subjective nature of some aspects of
methodology (particularly in relation to data-driven
approaches), the different food groups and definitions
of items included within these food groups, and
different treatment of alcohol intake across dietary pat-
terns approaches and studies.9 Specifically, with respect
to reduced rank regression, there has been considerable
variability in the intermediate markers (different combi-
nations of nutrients and different combinations of
disease biomarkers) that have been used, even when
examining the same health outcomes.

Investigator-defined methods are often considered a
solution to issues of comparability, given that the

TABLE 13.2 Examples of commonly used diet quality scores.

Name Description of attributes and key concepts

Healthy Eating Index (HEI-
2015)84

• Developed to reflect Dietary Guidelines for Americans.
• 13 items: Wholegrains, refined grains, total vegetables, greens and beans, total fruits, whole fruits,

dairy, total protein foods, seafood and plant proteins, fatty acids, sodium, added sugars, and
saturated fats.

Recommended Foods Score85 • Foods on the dietary questionnaire are identified as “recommended” according to dietary
guidelines.

• Food consumption classified according to frequency of consumption with foods consumed more
than once per week scoring 1.

• Total score is the sum of recommended foods consumed regularly.

Mediterranean Diet Score86,87 • Large range of different scores in the literature.
• Commonly includes indictors of fruit, vegetables, cereals, fish, olive oil, alcohol, meat and meat

products, and dairy.
• Predominantly scored according to median intakes except for alcohol intake (quantitative intakes

scored).

Dietary Inflammatory Index58 • 45 components: Macro- andmicronutrients (28 components), bioactive compounds/phytochemicals
(8 components), foods (2 components), and herbs and spices (7 components).

• 36 components are antiinflammatory, 9 components are proinflammatory.

Dietary Approaches to Stop
Hypertension (DASH) score88

• Based on the DASH diet
• 8 components: Fruits, vegetables, whole grains, nuts and legumes, low-fat dairy, red and processed

meats, sweetened beverages, and sodium.
• Scored according to quintiles of dietary intake.

Alternative Healthy Eating Index
(AHEI)-201089,90

• Originally developed in 2002 and subsequently updated.
• 12 components: Vegetables, fruit, wholegrains, sugar-sweetened beverages and fruit juice, nuts,

legumes, red/processed meat, trans fat, long-chain (n-3) fats (EPA þ DHA), PUFA, sodium, alcohol.
• Quantitative cut points.

Plant-based Diet Index (PDI)91 • 18 food groups in three categories:
1. Plant food groupsdHealthy (whole grains, fruits, vegetables, nuts, legumes, vegetable oils, tea,

and coffee)
2. Plant food groupsdLess healthy (fruit juices, refined grains, potatoes, sugar-sweetened

beverages, sweets, and desserts)
3. Animal food groups (animal fat, dairy, egg, fish or seafood, meat miscellaneous animal based

foods)
• Scored according to quintiles of dietary intake, animal foods reverse scored.

EAT-Lancet Score92 • 14 components: Whole grains, tubers and starchy vegetables, vegetables, fruits, dairy foods, protein
sources (4 items: beef, lamb, pork; chicken, other poultry; eggs; fish), legumes (dry beans, lentils,
peas; soy foods; peanuts; or tree nuts), added fats, added sugars.

• Quantitative cut-points for each component used as criteria.
• Components scored as 0 (not meeting) or 1 (meeting).
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attributes, criteria, and scoring are prespecified. Theo-
retically this is true, and for many diet quality scores,
comparability is less of an issue, as they can be applied
across populations more systematically. However, this
may not be the case across all of the subtypes of dietary
scores and indices and there are some situations where
comparability is still an issue for investigator-defined
approaches. The Mediterranean diet score is one such
example.9 Firstly, there are a number of scores available
in the literature, which vary with respect to the food
and nutrient attributes and indicators that are included.
However, even when the same score is used across pop-
ulations, it may be difficult to compare across studies.
The scoring approaches for the Mediterranean diet
scores often utilize a population-based approach, with
scoring based on the distribution of intakes of each
component in that population (e.g., those participants
with an intake above the median intake receive a score
of 1 for that component). Therefore, while the foods and
nutrients that make up the score may be similar, across
different studies, participants who score highly may
have different quantitative levels of intake or consump-
tion. Similarly, the dietary inflammatory index is an
investigator-defined dietary pattern score based on ev-
idence from 1943 studies examining the effect of dietary
components on inflammatory markers.58 The index
contains 45 components; however, when applied across
populations, studies have included anywhere between
18 and 37 components due to data availability.59,60 Is-
sues of comparability are also raised when existing
indices such as the US HEI51,52 are adapted for use in
different countries and different criteria or cut-offs are
applied.54e57 Without further evaluation, it can be diffi-
cult to assess the impact of these changes and it can be
unclear whether an individual’s score on the HEI die-
tary index still reflects the same dietary intake profile.

The Dietary Patterns Method Project was specifically
designed to address issues relating to variability in
methods and approaches across cohorts and inform
updates to the Dietary Guidelines for Americans.61 The
project conducted standardized and parallel analyses
and applied four dietary indices (HEI 2010, the Alternate
HEI 2010, the alternateMediterranean Diet score, and the
DASH score) to three cohorts. The analyses were stan-
dardized in terms of calculating the dietary indices (for
example, ensuring the food groups were constructed in
a standardized way) and conducting the statistical
analyses (for example, utilizing standard covariates
and harmonizing the outcomes). The project was able
to show good concordance across the scores and cohorts,
with significant reductions in all-cause, CVD, and cancer
mortality associated with higher dietary quality as
measured by the four diet quality scores.61

D. Application of Dietary Patterns to Nutrition
Science

Dietary pattern methods can be used in a range of
study designs and across a range of nutrition science
questions and applications, including etiological
research using observational and experimental designs,
behavioral research, monitoring and surveillance, and in
dietary guideline development. Given the diversity of
methods described previously, an important consider-
ation is to ensure that the most appropriate method is
used to answer a particular research question.

Etiological research (understanding diet and health
relationships)

Innutritional epidemiology, researchquestions relating
to understanding diet and health relationships is the pri-
mary research question and has been the primary use of
dietarypatternresearchtodate.62Measures of dietary pat-
terns may be used in epidemiological studies either to
investigate associations of overall healthy eating patterns
with particular health outcomes or as a confounder when
investigating other exposureedisease relationships. Die-
tary pattern exposures have been used in randomized
controlled trials to understand diet and health, for
example, through the application of Mediterranean die-
tary patterns and DASH. Specifically, they have been
used to design dietary interventions, and subsequently
dietary patterns assessment methods may be used to
assess compliance with the dietary interventions.

Behavioral research

Behavioral epidemiology is primarily concerned with
the distribution and determinants of behaviors that influ-
ence health and focuses on research that aims to identify
influences on the behavior and evaluate behavior change
interventions.63 Dietary patterns methods are useful in
behavioral research as they capture multiple aspects of
the diet that are often interrelated, and changing one
behavior may impact other parts of the diet with both
positive and negative consequences.64 In behavioral
research, measures of dietary patterns are the outcome
of interest and may be used to as an integrated measure
of dietary behavior to examine predictors or determi-
nants.65 Theymay also be used to investigate interactions
with other health behaviors, and finally, they may be the
outcome used when evaluating interventions. All dietary
patterns methods have been used when examining pre-
dictors and determinants of dietary patterns or when
examining associations with other health behaviors.
When evaluating interventions, the investigator-defined
methods may be most appropriate, as the intervention
will target specific dietary behaviors, and these ap-
proaches allow the investigator to define the dietary

Section B. Nutrition Monitoring, Measurement, and Regulation

III. Current Status of Field 243



elements relevant to their intervention. Diet quality
scores may be particularly useful when evaluating
tailored interventions where participants select their indi-
vidual dietary goals as there will be multiple ways to
achieve changes in overall diet quality score.

Monitoring and surveillance

Nutritionmonitoring and surveillance is important for
evaluating and reviewing food and nutrition policy and
programs, identifying vulnerable groups, and identifying
emerging nutrition issues.66 Key characteristics of moni-
toring and surveillance activities are the need for collec-
tion and analysis of routine measurements that allow
detection of changes over time, progress toward estab-
lished goals or targets, and therefore involve ongoing or
repeat measures over time. While nutrition monitoring
and surveillance systems should consider the entire
food and nutrition system from food production, supply,
distribution, consumption, nutritional status, and meta-
bolism to health outcomes for the population, assessment
of food and nutrient consumption patterns is a corner-
stone of these activities. Given the need for comparability
over time and population groups, investigator-defined
approaches to dietary patterns are most suited to moni-
toring and surveillance objectives. As described above,
many diet quality scores have been designed to reflect
compliance with national dietary guidelines. They are
suited to examining how well people comply with those
dietary guidelines, examine changes over time, and
monitor trends at the population level.50 The United
States HEI has been applied at multiple levels of the
food system, namely, the individual, community, and
food environment level.67 It has been used to examine
diet quality of the food supply using food balance data
over time68,69 and to examine other aspects of the food
environment such as supermarkets and fast food
restaurants51,67,69,70 demonstrating that it can be used to
evaluate multiple components of the food and nutrition
system. The HEI can be used to assess other levels of
the food system or food environment such as the food
supply because the criteria are based on energy density.
That is, the required quantities are based on the amounts
of food groups per 1000 kcal, which translates the propor-
tion between amounts of groups of food per amounts of
energy, reflecting the balance of the diet rather than the
quantity of the diet.51

Use of dietary pattern research in dietary guideline
development

There is now global consensus that dietary guidelines
shouldbeinformedbyevidenceregardingdietarypatterns
given the multifactorial nature of diet-related disease,10,71

and there has been increasing use of dietary pattern evi-
dence to inform dietary guidelines. Recognizing the

importance of dietary patterns, the United States Dietary
Guidelines has increasingly incorporated evidence
relating to dietary patterns. The 2020 Dietary Guidelines
Advisory Committee (DGAC) Dietary Patterns Subcom-
mittee reviewed evidence relating to eight major topics
including growth, body composition and obesity, cardio-
vascular disease, type 2 diabetes, cancer, bone health,
sarcopenia, and all-cause mortality.72 In addition, there
were nine topics addressed relating to dietary patterns
in pregnancy and lactation, and the guidelines will be
informed by data analysis and modeling that includes
assessment of dietary patterns. This builds on work by
the 2015 DGAC, where the dietary patterns structure
was a key underlying concept.73 The 2015 Committee
examined research questions relating to dietary patterns
and cardiovascular disease, body weight and obesity,
type 2 diabetes, cancer, congenital anomalies, neurolog-
ical and psychological illnesses, and bone health and uti-
lized evidence from the Nutrition Evidence Library (now
known as the Nutrition Evidence Systematic Review) Di-
etary Patterns Systematic Review Project.11 This was the
first time systematic reviews on dietary patterns had
been incorporated into the dietary guidelines process.
Given the nature of the evidence in dietary patterns
research, the DGAC utilized qualitative descriptions of
healthy dietary patterns based on scientific evidence for
several health outcomes. Of note, dietary patterns evi-
dence was prioritized such that where strong or moder-
ate evidence related to dietary patterns and health
outcomes was available, this evidence was utilized, and
the food and nutrient characteristics identifiedwere sum-
marized to guide recommendations. When only limited
or insufficient evidence related to dietary patterns and a
particular health outcome was available, existing evi-
dence on specific foods and/or nutrients was used.
Food modeling also incorporated dietary patterns
concepts to develop the USDA Food Patterns (including
the Healthy US-style Pattern, the Healthy Mediterra-
nean-style Pattern, and the Healthy Vegetarian Pattern)
and provided the basis for quantitative recommendations.

Other agencies worldwide have also moved to using
dietary patterns concepts and research to inform guide-
lines and recommendations. TheWorld Cancer Research
Fund has produced Cancer Prevention Recommenda-
tions based on expert review of evidence with a major
focus on dietary exposures, published in three expert re-
ports in 1997,74 2007,75 and 2018.76 The First Expert
report was published in 199774 and did not include
any reference to dietary patterns, while the second
expert report published in 2007 included a review of di-
etary pattern exposures.75 In 2007, the evidence was
considered insufficient in that dietary patterns were
infrequently studied and the existing evidence was
conflicting primarily due to variations in the methods
used; therefore, a narrative summary of evidence was
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provided. For the third expert report in 2018, systematic
reviews were conducted focusing on studies examining
dietary patterns using dietary indices American Cancer
Society Cancer prevention Guidelines Score, HEI 2005,
the alternate Mediterranean Diet Score and the
WCRF/AICR Score.76 As the underlying evidence base
of primary studies increases, there will be more use of
dietary patterns in policy and practice.

IV. CONCLUSION

The field of dietary patterns research emerged almost
40 years ago and has gained significant interest and

increased exponentially over the last 20 years. Dietary
patterns methods provide an important tool for study-
ing many nutrition questions and can provide important
insights into dietary behaviors and associations with
health outcomes. A range of methods can be used for
dietary patterns analysis, and there is a need to develop
greater consensus in the use, application, and reporting
of dietary patterns research. It is important to consider
the continuum of dietary intake when understanding
the role of diet in health rather than focusing solely on
nutrients or foods, and it is critical that we integrate
dietary pattern approaches when developing nutrition
policies and guidelines.

RESEARCH GAPS

Dietary patterns research has developed substantially in the last 15 years, and research shows that dietary pat-
terns are important predictors of chronic disease and all-cause mortality.14 However, there are still significant
knowledge gaps. As with studies of individual foods, there is a lack of primary studies for some health outcomes
such as mental and neurological health.77,78 There is also a lack of evidence for some population groups. For
example, the 2015 DGAC acknowledged that where dietary patterns were assessed, the majority of evidence
on dietary patterns was restricted to adults,73 and there were more limited data on children and adolescents.
There is also limited data using longitudinal assessment of dietary intake and life-course analyses of dietary
patterns and health outcomes. Furthermore, there is a significant lack of published data for low- and middle-
income countries.10,79 This lack of primary data is a major barrier for the development of national level dietary
guidelines.

Another significant research gap relates to the assessment of individual variation in responses to dietary
intake.80 This is a critical area for nutritional epidemiology, as failure to consider dietegene interactions may
in part explain themixed findings in relation to diet and health outcomes across a number of areas. This is funda-
mental knowledge to underpin interventions of personalized nutrition. While new studies are emerging,81,82

most existing studies investigating dietegene interactions have focused on relationships with specific nutrients
and have largely ignored dietary patterns, and there are few studies of outcomes other than cardiovascular
disease or cancer.

There are also research gaps in relation to aspects of the methodology used to assess dietary patterns.
Different methodological approaches may be best suited to particular research questions and may not be inter-
changeable. However, within a particular analytical approach, there are differences in the application of each
method across studies.9 As described earlier, comparability across studies due to different methodological
approaches, particularly the data-driven methodologies, is an important issue.9 The impact of the variability
in application of each of the methods in unclear and requires further evaluation. Also, this diversity of
approaches adds significant complexity to the synthesis of dietary patterns research in systematic reviews
and meta-analyses.83 Further research is required to develop consensus in the conduct and reporting of dietary
patterns research and agreed upon approaches for synthesizing evidence generated from dietary pattern studies
to allow best use of dietary pattern evidence in the development of dietary guidelines.
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SUMMARY

Accurate assessment of dietary intake is crucial in the field of nutrition. In this chapter, different dietary
assessment methods and types of biomarkers of dietary intake, their strengths and weaknesses, and the
importance of examining the sources of error and variation are described. There is no best method of diet
assessment for all purposes; therefore, the investigator has to select the method appropriate for the
purpose and target group of the survey. Performing validation studies is essential to further improve
dietary assessment methods, for a better interpretation of dietary assessment results, and for the
correction of associations with outcomes for measurement errors, so that such associations are not
obscured by these errors. Innovations in dietary assessment methods and validated biomarkers of intake
will certainly improve assessments, but they are not the solution to all of the inherent problems in
applying dietary assessment methods.

Keywords: 24-Hour food recall; Automatic dietary monitoring; Diet history; Dietary assessment; Food frequency
questionnaire; Food record; Intake biomarker; Technology.

I. INTRODUCTION

A. Background

Accurate assessment of food consumption is a crucial
element of research or clinical care within the field of
nutrition. Within this field, the underlying purpose of
estimations of dietary intake may vary. For instance,
clinical studies are focused on the fate of nutrients in
the body, while public health studies monitor the ade-
quacy of the diet and study the relationship between
food consumption and health.

The focus of this chapter is on dietary methods to
assess the intake of individuals and not on indirect
approaches such as food balance sheets or household
consumption surveys. Several dietary assessment
methods directed at the individual are available.
They mainly differ in their concept (e.g., time frame
used), their goals (e.g., obtaining information on foods,
nutrients, or diet pattern), underlying assumptions,
and cognitive approaches. Assessment of dietary
intake is not easy and is prone to measurement error.
However, errors in dietary assessment have been stud-
ied for decades and repeatedly recognized. By
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understanding, acknowledging, and minimizing mea-
surement error, the performance of assessments can
be improved.

B. Key Issues

This chapter describes the main methods to assess di-
etary exposure. The concept of the traditional methods
has changed little, but the application of technology-
based methods, including mobile applications and
wearable devices, and the use of biomarkers have
increased accuracy and convenience for responders
and reduced costs. Nevertheless, innovative technolo-
gies largely rely on the basic principles of the traditional
methods (see Table 14.1 for definitions of methods).
Therefore, the present chapter describes the traditional
methodologies with a focus on innovative technologies
and includes the use of biomarkers to assess dietary
exposure.

II. CURRENT STATUS OF THE FIELD

A. Different Purposes of Dietary Assessment

Dietary assessment is needed in many types of die-
tary studies, such as nutritional epidemiology, national
or regional food consumption surveys, experimental
or dietary intervention studies, and methodological
studies. Interest can be in a group of persons or in the in-
dividual. The individual or group may consist of one or
various age groups such as infants, toddlers, children,
adolescents, adults, or older adults. Also, interest may
be focused on specific population groups such as immi-
grants, persons with disabilities or illnesses, persons
with low or high socioeconomic status, or persons in
low- and middle-income countries.

The reason to collect dietary data can also vary
greatly. There can be interest in intake of individual
foods, food groups, nutrients, potentially toxic or

TABLE 14.1 Definitions of relevant terms and their relationships in the context of this
chapter.

Term Description

Dietary assessment A comprehensive evaluation of a person’s food intake

Dietary assessment
method

A method/approach for conducting a dietary assessment

Food description Characterization of a consumed food in dietary
assessment

Portion size aid Tool for quantifying the consumed food in dietary
assessment

Self-report Food intake reported by the participant/consumer (e.g. in
a questionnaire/to an interviewer/in a tool)

Biomarkers of intake A biological characteristic that is objectively measured as
an indicator of intake

Reference period Time window to which the dietary assessment/biomarker
pertains

Validity study Study to identify how well a dietary assessment actually
measures the true intake

Relative validity study Study to identify how a dietary assessment method
compares to another dietary assessment method

Repeatability study Study to identify how repeated administration of a dietary
assessment method provides the same results

Test method Dietary assessment method for which (relative) validity is
assessed in a validity study

Reference method Dietary assessment method to which the test method is
compared to in a validity study

Measurement error Systematic and random misestimations of dietary intake
caused by errors in responding, coding, portion sizes, food
composition databases, techniques, and biochemical
analyses
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healthy compounds, or on dietary patterns, meal pat-
terns, environmental impact of diets, overall health pro-
files, etc. Moreover, the interest may be in the actual
intake, in the habitual intake, or intake in a specific
period of time. These different purposes are important
for determining which dietary assessment method is
most appropriate. After describing the main types of di-
etary assessment methods in the next paragraph, the
considerations for choosing an appropriate dietary
assessment method will be discussed.

B. Available Methods

Two primary methods to assess dietary intake
include self-reports and biomarkers of exposure. In
general, methods can be divided into two basic cate-
gories: those that reflect data at the time of eating (pro-
spective methods consisting of weighed and estimated
records or biomarkers reflecting short-term intake) and
those that collect data about diet eaten in the recent
past or over a longer period of time (retrospective
methods consisting of 24-hour recalls [24 hR], dietary
history [DH], food frequency questionnaire [FFQ], or
biomarkers reflecting long-term intake).

Prospective self-reports may include several days
of recording, sometimes accompanied by collecting
duplicate samples for chemical analysis or performed
by proxies, e.g., by observation. Retrospective methods
may refer to recent diet (24 hR) or habitual diet (DH
and FFQ). The three methods differ, but if they are per-
formed as an interview, some practical aspects are
similar.

Interviewers should have a thorough knowledge
about the purpose of the method, the typical food
habits of the target population, foods available in the
marketplace, and preparation practices. The location
and mode (e.g., written questionnaire, face-to-face or
telephone interview, web-based application) of the
assessment may affect respondent’s willingness and
ability to report their diet.

Cognitive aspects should also be taken into account.
The success of the report relies on the respondent’s abil-
ity to remember and adequately describe their diet. It is
important to take advantage of what is known about
how respondents retrieve, judge, and report their food
consumption to the interviewer.

In collaborative research that involves multiple loca-
tions with multiple interviewers, interviewers should
be trained and checks made to decrease systematic dif-
ferences among them in data collecting and coding.

The need for biomarkers of intake was proposed by
several researchers who addressed poor associations
between diet, as determined from subject information
and health outcome.1,2 These poor associations were
partly attributed to measurement error in intake (see

Section II.F). The dependency on self-reported intake,
and the incompleteness of food composition databases,3

has spurred the search for and utilization of biomarkers
as indicators of food and nutrient intake. The applica-
tion of dietary biomarkers has been boosted further
by more and better analytical techniques (inclu-
ding w omics techniques) to measure multiple metabo-
lites in response to an altered food intake.4 The main
premise of intake biomarkers is that the errors are
considered to be independent of errors related to self-
reports.

Self-reports to assess actual intake

Food records (FR); In the weighed food record (FR), the
subject is taught to weigh and record the food and its
weight immediately before eating and to weigh any left-
overs. Where weighing would interfere with normal
eating habits, for example, in a restaurant, describing
the quantity of foods consumed is acceptable. The
weighed method differs from the estimated record
where subjects do not weigh but keep records of foods
eaten and portion sizes. These portion sizes are
described in natural units (household measures) by us-
ing the utensils commonly found in homes.

The form used to record intake, kept in a record book,
may be closed or open.5 A closed form is a precoded list
of all of the commonly eaten foods in units of specified
portion size. This list allows for rapid coding but can
be unfamiliar to the subjects. A semiopen form may be
preconstructed with foods and amount options but in-
cludes sufficient space for other foods and/or amounts.
Respondents must be trained to record the level of detail
needed to describe adequately the foods and amounts
consumed. After recording, the record should be
checked and coded by a nutritionist.

FR may be completed by someone other than the sub-
ject. For example, children <10 years old or fragile older
persons will need the help of a caregiver as proxy.
Instead of recording, the respondent may be asked to
collect a similar portion of all the foods in their diet in
a container to be chemically analyzed in the laboratory.
This method is preferred if the food composition
database does not provide sufficiently accurate values
on the component(s) of interest.

The advantage of FRs is that they do not rely onmem-
ory. However, they have a high respondent burden, and
respondents must be literate and highly cooperative.
This requirement may lead to response bias as a result
of overrepresentation of more highly educated individ-
uals interested in diet and health. Also, food consumed
away from home may be less accurately reported,
and the usual eating pattern may be influenced by the
recording process. Substantial underreporting is sus-
pected in specific subpopulations because of altered
intake or reporting according to social norms.
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New technologies reduce the burden of FRs to both
respondent and researcher. These technologies include
the use of digital images, nutrient databases making
coding superfluous, and image analysis to provide
automatic determination of food and nutrient intake
and estimation of portion sizes. For example, mobile
telephones with an integrated camera to record food
intake allow real-time data collection and automatic
coding of food intake.6 This may lead to fewer omissions
and a higher acceptability in younger or less literate
populations. However, using technology does not
completely overcome the problems of FRs. Also, devel-
opment of technologies is associated with high cost
and technical problems, may require training of respon-
dents, and may, if a precoded food list is used, provide
less detail on the intake of foods.6,7

Twenty-four hour food recall; In a 24 hR, an individual re-
calls actual food and beverage intake, mostly for the im-
mediate past 24 h but sometimes also for 48 h or
the preceding day. Food quantities are usually asses-
sed by use of household measures, food models, or
photographs.

The 24 hR was traditionally conducted by a personal
interview, face-to-face or by telephone, or with open
forms or precoded questionnaires, but computer-assis-
ted interviews have become common. More recently,
self-administered computerized 24 hRs have been
developed.8 The 24 hR, including computerized ver-
sions, is often modeled on the USDA multiple-pass
method.9 In this method, participants start with a quick
list of foods consumed and in a following step describe
the type and amount of these foods in more detail.

In the case of interviews, training of the interviewers is
crucial because improved accuracy of the dietary recall is
obtained by asking probing questions. At the end of the
interview, a checklist with foods or snacks that might be
easily forgottenmay be added. For children10 and elderly
people,11 specific adaptations to their cognitive processes
can improve the recall process. Because the 24 hR de-
pends on a subject’s ability to remember and adequately
describe their diet, thismethod is not suitable for children
younger than 8e10 years and many adults �75 years.
The 24 hR method is considered appropriate for
describing the mean intakes of groups of individuals.12

Different days of the week must be used to obtain recalls
as respondents may eat differently on days of the week
they work or go to school versus holidays. It is advised
that no prior notification be given to the subjects about
the interview to avoid changes in their usual diet.

Diet recalls as open interviews are not culture-specific,
administration time can be short, the time period (e.g.,
past 24 h) is well defined, and, if interviewer adminis-
tered, literacy is not required. Administration by a

dietitian or trained professional requires fewer callbacks.
Web-based 24 hRs are considered an important step for-
ward,8 as the costs are reduced because an interviewer
and coding of the consumption data are not required.
Also web-based 24 hRs have the advantage that partici-
pants can fill in the recall at a time of their own choice.
These advantages have made web-based 24 hR feasible
for large-scale epidemiological studies.

Weaknesses of 24 hR are that respondent’s recall de-
pends on short-term memory. The method is also vulner-
able to variability between interviewers and requires
substantial staff time; this is not the case for self-
administered computerized 24 hR. However, the latter
method requires access to computers or the Internet,
and participants may have difficulty finding the actual
food consumed in the food databases used.

Self-reports to assess usual intake

Dietary history; The DH assesses an individual’s total
daily food intake and usual meal pattern over varied pe-
riods of time, e.g., the past month, 6 months, or 1 year.
Originally, Burke13 developed the DH technique in three
parts: (1) an interview about the subject’s usual daily
pattern of food intake with quantities specified in
household measures; (2) a cross-check using a detailed
list of foods; and (3) a 3-day FR. Today, the perfor
mance of the DH differs between studies, and the 3-
day FR is often omitted. The purpose of the study
defines how detailed information should be collected,
which may substantially influence the duration of the
interview. Usual portion sizes are estimated with
standard household measures and may be checked by
weighing.

Because aDHaims to record a food pattern, it is amore
complex interview than the 24 hR. Also, the interview is
very liable to evoke socially desirable answers. Therefore,
highly trained nutritionists with well-developed social
skills are required to conduct the interview. Exceptions
may be DHs guided and controlled by a precoded inter-
view form or computer software, especially if they are
developed to be completed by the subject.

The DH is also rather demanding for the subject. Re-
spondents are asked to make many judgments about the
usual food intake and the amounts of those foods, and
the recall period is difficult to conceptualize accurately.
Reports covering a longer period may be influenced by
present consumption and reveal higher (or lower) esti-
mates14 than assessed by recalls or records. In order to
obtain adequate data, respondents need to follow a reg-
ular dietary pattern and have a good memory, which
may hamper getting a representative sample of the
population. A satisfactory DH is not always obtained
from young children, people preoccupied with weight
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problems, or mentally retarded individuals. Respondent
literacy is not required for an interviewer-administered
DH.15

The data of a DH can be applied to classify categories
(e.g., quantiles) of intake and to assess the relative
average intakes of groups of people and the distribution
of intakes within these groups. A short version of this
method with a limited checklist of foods is often used
in the clinical setting for diagnosis and as a basis for
therapeutic dietary guidelines.16

Food frequency questionnaire method; The first FFQs were
developed for large epidemiological studies investi-
gating the relationship between diet and health out-
comes. The questionnaire used is a preprinted list of
foods on which subjects are asked to estimate the fre-
quency and often also the amount of habitual consump-
tion during a specified period. The types of foods vary
on each FFQ depending on the interest of the researcher,
which may be the intake of a specific nutrient or a more
comprehensive assessment.17

The list of foods in an FFQ can be developed in
several ways.18 For epidemiological studies, the best
way is to select foods found to contribute most to the
variance of intake from a recent food consumption data-
base of a population similar to the target population. The
nutrient value assigned to each food group item listed is
based on weighting each food included in the group
item by usage.

The first FFQs did not include quantitative estim-
ates, other than servings or portions per day, week, or
month.17,18 The use of these nonquantitative FFQs is
based on the assumption that total intake is more deter-
mined by variation in consumption frequency than by
variation in portion size and that consumption fre-
quency is unrelated to consumed quantities. Neverthe-
less, some investigators have built a quantitative aspect
into the technique and called their method a semiquan-
titative FFQ. Not all investigators advocate inclusion of
portion sizes because errors made by the estimation
may outweigh the variance in intake of most foods.17,18

FFQs vary in the foods listed, the reference period,
answer categories, procedure for estimating portion
size, and mode of administration. The longer the food
list, the more detailed the information, but the respon-
dent may become less precise in answering the ques-
tions. Nevertheless, a review by Molag et al.19 showed
that more accurate results were obtained with longer
FFQ (200 vs. 100 items).

The advantage of an FFQ is that the food list is stan-
dardized.20 For some respondents, it may be cognitively
difficult to combine the intake of similar foods or mixed
dishes over a longer period of time and to report about
them in one question. On the other hand, introducing
separate questions may lead to double counting.

It is also important to address the best time frame for
the study objective and to take seasonal variation into
account. However, it may be questioned whether re-
spondents can accurately report over a period longer
than 2 months.21 A solution may be to repeat the FFQ
over time. If the questionnaire is self-administered, the
accompanying instructions are important. Web-based
questionnaires have the advantage that they can easily
give cognitive support and prevent respondents skip-
ping questions.

As mentioned earlier, FFQs are suitable for large-
scale epidemiological studies. They estimate the usual
food (group) intake of an individual. When portion
size questions are included or when portion sizes
are assumed, individuals can be ranked according to
nutrient intake. A self-administered web-based ques-
tionnaire may require little time to complete and to
process; the response burden is generally low, and
response rates, therefore, are high. The method can be
automated easily and is not very costly.

A problem of FFQ is that memory of food use in the
past is required and that the respondent’s burden is
governed by number and complexity of foods listed
and the quantification procedure. The listing of foods
may be incomplete or missing details. The quantifica-
tion of portion sizes may be less accurate than in re-
cords or recalls. Also, the development and testing
of the food list takes significant time, no information
on day-to-day variation is provided, and the suitabi-
lity is questionable for subpopulations who consume
culture-specific foods.

Other methods

Several brief dietary assessment methods have also
been developed. These instruments may be useful in clin-
ical settings or for health-promoting activities when only
information of a part of the diet or qualitative information
of the total intake is required. For example, a screener
regarding fat consumption might be useful to increase
awareness about unhealthy eating habits.15 In addition,
new technologies may allow the so-called snapshot tech-
niques, which collect detailed information on dietary
practice at a specific point in time, such as single meals.22

Multiple food records (FR) or 24-hour recalls (24hR)
and combined methods

In order to assess usual intake by FR or 24 hR, these
methods have to be repeated over a representative
number of days. The number of days needed depends
on the aim of the survey and the expected between-
and within-individual variation in intakes of the nutri-
ents of interest.18 However, in practice, often no more
than three or four consecutive days are inclu-
ded because of respondent fatigue. For monitoring
and surveillance studies, two or more nonconse-
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cutive repeated 24 hRs in combination with statistical
modeling allow estimation of the usual intake distribu-
tion of individuals. Several statistical methods for esti-
mating the usual intake distribution from repeated
24 hRs are available.23 Multiple days of recording
may also allow individuals to be classified according
to their usual intakes, which is required for epidemio-
logical studies. For infrequently consumed foods, FRs
or 24 hRs may be combined with an FFQ or propensity
questionnaire.24 The information from the records or
recalls provides details about the type and amount of
foods consumed while the FFQ provides information
on the propensity of a person to consume the food.

Another example of a combined method is the 24 hR
assisted by an FR. This appears to be a valid method for
assessing the dietary intake of children and older peo-
ple.25 Diaries are used to record their food intake and
then are used as a memory prompt during 24 hRs. Com-
bined methods are more time consuming for respon-
dents and fieldworkers, although computers have
facilitated the blending of methods.

C. Biomarkers of Intake

Types of biomarkers to assess actual and usual intake

Intake biomarkers can be classified based on their
relationship with intake and intended use into four cat-
egories: “recovery” markers, “concentration” markers,
“predictive” markers, and “replacement” markers.26

Recovery markers; recoverymarkers showadirect quantita-
tive relationship with intake of a substance and can be
measured in bodily excretion (typically urine). The
assumption is that the body is in equilibrium (homeostasis)
and that no accumulation or depletion occurs in the body
over a fixed time period. Examples of recovery markers
are carbon dioxide fluxes reflecting total energy intake in
weight stable subjects, measured by subjects drinking a
defined amount of doubly labeled water.27 Urinary nitro-
gen, sodium, and potassium are other recovery markers,
with which the correlation with intake is generally high.
These types of biomarkers have been shown to be very
valuable when evaluating dietary assessment methods.28

Concentration markers; concentration markers have an in-
direct relationship with intake and are measured in
urine, plasma, and other specimen or tissues. The level
of the marker in the biological specimen is dependent
on portion size, frequency of consumption, absorption,
distribution, metabolism, elimination, and homeostatic
control. Concentration markers cannot be translated
into absolute levels of intake, but the concentration in
the biological specimen will correlate with intake of spe-
cific nutrients or foods. However, the strength of the cor-
relation is lower than what is found for recovery
markers. Most biomarkers are concentration markers.

Replacement biomarkers; replacement biomarkers are
more or less similar to concentration markers with the
exception that they specifically refer to components for
which information in food composition databases is
scarce or unreliable. This category of biomarkers covers
mainly bioactive components or nutrients, such as sele-
nium, for which the concentration is very variable and
dependent on local soil conditions.29

Predictive biomarkers; predictive biomarkers as a separate
category was suggested in 2005 based on controlled
studies in a metabolic ward.30 This type of marker
shows a doseeresponse relationship with intake but a
low recovery, and the relationship may be more depen-
dent on subject characteristics, resulting in lower corre-
lations with intake. The only predictive marker
described so far is urinary fructose and sucrose as
markers of sugar intake.

Specific biomarkers of nutrients and foods

To date, more than 25,000 compounds have been
identified in food.31 This includes classical nutrients,
nonnutrient components, and bioactive components
with putative health effects. Dietary biomarkers are dis-
cussed extensively in many reports with detailed exam-
ples given of metabolic profiles reflecting specific food
intake.3,18 Table 14.2 gives a brief overview of some
selected dietary biomarkers.

Biomarker requirements

The utility of a biomarker of intake for applications
in research depends on several factors. There are
several minimum requirements for a marker of intake.
First of all, the biomarker measured in a biological
specimen should be sensitive to intake so that an in-
crease in intake of a specific food or nutrient should
be reflected in a measurable change of a nutrient or
metabolite in the specimen. Ideally, a broad range of
intakes should be reflected accordingly in the level of
the biomarker, resulting in a high correlation between
intake and biomarker level. The magnitude of the cor-
relation is however dependent on the bioavailability of
the nutrient and homeostatic mechanisms. Subject-
related factors such as biological variation in nutrient
absorption, metabolism, turnover, and excretion; meta-
bolic stress; or colonic microbiota are factors that may
influence the sensitivity to intake.26 Also, lifestyle fac-
tors such as smoking, physical activity, or alcohol con-
sumption may result in a differential response to
dietary intake. For many nutrients, the relationship be-
tween intake and concentration is not linear but plateaus
due to homeostatic control. A classic example is plasma
vitamin A: at low intakes, there is a linear relationship of
intake with plasma levels of vitamin A. At higher in-
takes, intake is no longer reflected in the level of the
biomarker.
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Second, biomarker kinetics must be described
adequately to make a good choice of sample type, fre-
quency, and time window for a specific research ques-
tion. For instance, nutrient exposures relevant to
chronic disease are long term. Therefore, a biomarker
of intake should ideally reflect the cumulative effect of
diet over an extended period of time when studying
dietedisease relationships using biomarkers. Thus, in-
formation on the time integration of the marker (short-
term responses vs. long-term responses to intake) is
required. A 24-h urine collection is more likely to be
representative of the intake for that day (e.g., of sodium)
than a spot urine sample. In general, blood cells are
more representative of long-term intake for a number
of nutrients than is plasma. Fig. 14.1 shows the time

integration of several nutritional biomarker media in
relation to two dietary methods.

Another important requirement is that the chosen
biomarker of intake should be specific for the nutrient
or food consumed. This is often not the case. A dietary
biomarker may reflect intake of multiple dietary compo-
nents or can result from the metabolism of other dietary
components.

Strengths and limitations

Biomarkers are useful as reference measurements to
assess the validity of dietary assessment methods and
for estimating intake of specific nutrients or compounds
when there is a lack of detailed and reliable food com-
position data and/or when large variability within

TABLE 14.2 Proposed biomarkers and time window of consumption for some selected nutrients and foods.

Nutrient/Food Biomarker Examples Medium Time Window

Energy Fractional turnover rate of water
isotopesa

Spot urine, plasma, saliva Shortemedium

Available carbohydrates Sucrose/fructoseb 24-h urine Short

Fatty acids Essential, trans, and odd-chain
fatty acids

Plasma cholesteryl esters,
phospholipids

Shortemedium

Erythrocyte membrane, platelets Medium

Adipose tissue Long

Protein Organic nitrogena 24-h urine Short

Dietary fiber Alkylresorcinol; stool weight 24-h urine, plasma; faeces Shortemedium

Naþ/Kþ Na/Ka 24-h urine Short

Thiamin Thiamin 24-h urine Short

Riboflavin Riboflavin; erythrocyte
glutathione reductase

24-h urine; erythrocytes Shortelong

Folate Folate Serum; erythrocytes Shortemedium

Vitamin C Ascorbic acid, dehydroascorbic
acid

Plasma; leukocytes Shortemedium

Alcohol Ethylglucuronide Urine Short

Fruit and vegetables Carotenoids, vitamin C Plasma, urine Shortemedium

Citrus fruits Proline, betaine Urine Short

Fish Eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA),
trimethylamine N-oxidase
(TMAO)

Plasma, tissue, urine Shortelong

Whole cereals Alkylresorcinols Plasma, urine Shortemedium

Meat 1-Methylhistidine Urine Short

Olive oil extra vierge Hydroxytyrosol sulfate Urine, plasma Shortemedium

Dairy Odd-chain fatty acids, phytanic
acid

Plasma Shortemedium

aRecovery marker.
bPredictive marker.
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foods makes it difficult to estimate exposure otherwise.
Combining self-reported intake with biomarker informa-
tion has been shown to increase the power to detect diete
disease associations.32 One of the main limitations of
biomarkers is that only a few good biomarkers of intake
currently available have been thoroughly validated:
e.g., timeeresponse relationships for acute and repeated
intakes under controlled conditions are often lacking.

Most currently available biomarkers are concentration
markers, and their correlation with the intake of specific
foods appears to be low to moderate,3 which makes it
very difficult to assess intake of food groups. Biomarkers
alonewill not give data on food intake and/or dietary pat-
terns, and therefore biomarkers are complementary to di-
etary assessment methods. Another limitation is that
many biomarkers have a short half-life, especially when
measured in urine. This means that for many biomarker
applications, more than one specimen is required to
address within-person variability. The access to media
from respondents may present another limitation.

Blood is often chosen as the medium because it is
easily accessible, but it is not necessarily the best me-
dium reflecting intake, since blood is a transport vehicle
for substrates and metabolites and not a target tissue for
storage or metabolism. Also, in some cultural settings,
and for children, it may be difficult to get access to blood
because of resistance to venepuncture.

D. Assessment of Diet Quality

Diet quality (DQ) metrics are increasingly used.
These indices or indicators aim to evaluate the overall
diet and categorize individuals according to the extent
to which they conform to a defined healthy diet based
on current nutritional knowledge.33,34 They are used
for nutritional epidemiology to assess dietary risk fac-
tors for noncommunicable diseases or to monitor the
quality of an individual’s diet and give feed-back to

improve their DQ. Indicators of DQ may assess to
what extent an individual adheres to national food-
based dietary guidelines or nutrient recommendations,
or they may address the variety of the individual’s entire
diet. Several healthy diet indices and diversity scores are
available to evaluate DQ35 or to study the association be-
tween food components and health outcomes in
different target populations. A higher score usually
means a higher DQ. DQ of an individual’s diet based
on the food components or nutrients included can be
evaluated based on moderation, adequacy, an optimum
range of intake, or as a ratio.36 For this, self-reports such
as 24 hR, FR, or FFQ are used. Also, brief FFQ or
screeners specifically developed to ask questions about
intake can be directly scored for evaluating the different
components of DQ.37

DQ measures have some methodological limitations.
For example, they do not always capture the complete
daily or usual intake, the development of the compo-
nents and the scores are often designed for specific pur-
poses not always restricted to nutritional disciplines
(e.g., including physical activity), and they evolve over
time. However, they may give a more complete picture
of a diet pattern and consistently show inverse associa-
tions with adverse health outcomes and mortality.35 If
they are assessed with a technology-based FFQ screener,
they are easy to apply.37

Assessing dietary supplements and fortified foods

To have a complete picture of the intake of nutrients,
it is important to assess the intake of dietary supple-
ments, such as vitamin supplements, and fortified foods,
i.e., foods enriched with micronutrients. Collection of
valid data on (components of) supplement use and for-
tified foods is difficult,38 especially if their use is sub-
stantial, as it is in Northern American and Western
European populations. Still, research is needed about
the best methodology for assessing intake of dietary
supplements combined with other dietary information
and related measurement error.39 Dietary supplements
can contribute >50% of micronutrient intake for an indi-
vidual.39 Failure to include such important sources of
nutrient intake can result in poor estimates of intake.
Supplement users may take supplements irregularly.
Therefore, to take a measure of supplement use on one
or a few days as a proxy for long-term intake incorpo-
rates measurement error. Depending on the food supply,
the same will probably hold for fortified foods with high
concentrations of a specific micronutrient.

In large-scale studies focusing on dietedisease rela-
tionships, the frequency and number of supplements
taken seem to be much more important than accuracy
about content. Within each of these types of supple-
ments (e.g., a vitamin C supplement), the exact brand
name or exact content does not seem to be necessary.39

FIGURE 14.1 Time window that represents consumption of
several biomarker media and dietary assessment techniques by self-
reports.
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For assessment of actual intakedin contrast to usual
intakedand for quantitative assessment of the distribu-
tion of nutrient intakes for a population, brand name
and dose information are relevant.

An approach similar to that used for dietary supple-
ments will probably work for foods marketed in a forti-
fied version as well as the ordinary version. However,
for many other types of fortified foods, information at
the brand name level and subtype will be required.
This may be the case because the consumer is unaware
of consuming a fortified product, the consumer does
not know the specific content of the product, or the
amounts of added components in some products vary
enormously.

Technology-based tools and automatic dietary
monitoring

Several aspects of the application of dietary assess-
ment methodology may be facilitated by technology to
help standardization of interviewers and to reduce costs
of data collection and processing. A number of dietary
assessment methods now available utilize technology.40

Many of these tools are based on traditional methods
and may have similar problems regarding misreporting
due to errors in response, coding, food composition da-
tabases, and portion size estimations, but they also have
many advantages for research and consumers. An
important attribute is that such tools meet general qual-
ity standards; this can be achieved by publishing infor-
mation on tool development and tool characteristics,
including food identification and quantification, food
composition databases used, and validity testing.40

During the last 20 years, novel technology under
development can automatically identify dietary intake
and collect data for diet coaching. Automatic dietary
monitoring (ADM) tracks dietary activities such as prep-
aration, ingestion, processing, and swallowing immedi-
ate to food intake.41 Examples of this technology include
smart eyeglasses and chewing sensors. This research
field is still in an early stage, especially with respect to
application and validation in free-living populations.
Some problems in ADM are a lack in functional perfor-
mance, comfort of the eyeglasses or sensors, ease of use,
social acceptance, and privacy protection.41 They may
also have high costs and interfere with daily activities.
Although it will be hard to develop ADM systems that
are fully suitable for dietary monitoring, these systems
may be valuable because of adding objective measure-
ments to other methods of dietary assessment.

Quantification of portions

It is well-known that considerable error is made in
quantifying food portions. The consumed amounts of
foods need to be quantified into gram portions in most
dietary assessment methods that rely on self-reporting.

Particularly in the case of shared plate eating, quanti-
fying the consumed amount is an even larger chal-
lenge.42 The quantities consumed can be assessed in
various ways although not all approaches are suitable
for all purposes. Different types of portion size estima-
tion aids seem more or less effective for different types
of foods.15

Description (without equipment); Portion sizes for foods
can be expressed in household measures, natural or
commercial units, or typical serving sizes.15 Examples
are the amount of coffee expressed as the number of
cups of coffee and the quantity of egg as the number
of eggs. Information on the weight of reported units is
then required for portions to be converted into weights.
It is important to check whether standard portion sizes
apply. The approach of using such standard measures
is cognitively easier and preferable overestimation of
consumed amounts in weights but may be less accurate
for some foods such as vegetables and meats.

Scales; Themost accurate method for obtaining the quan-
tity of a food is the use of calibrated kitchen scales in
food or table service. However, the weighed quantity
may not represent the quantity that would have been
eaten if the weighing process was not necessary.43

When scales are used, they should be robust, be accurate
to at least 5 g, and weigh amounts up to 1.5 kg so that a
normal plate can be used when weighing the food to be
eaten.

Food models; food replicas are three-dimensional models
representing specific foods and amounts. They are
lifelike in size and color and are often made of plastic.
Portion size models are more abstract than food
replicas and represent sizes of portions (mounds,
cubes, balls, etc.) rather than specific foods. Drawings
are alternative ways to help estimating amounts of
foods.

Food photographs; foodphotographsare increasinglybeing
used for estimatingportion sizes. Inmost cases, a series of
photographs representing different quantities of the same
food are offered to the subject,who is asked to identify the
photograph that most resembles the quantity consumed.
Sometimes, only one photograph is available for each
foodand the quantity is indicated as a fraction ormultiple
of the amount shown. This latter approach gives rise to
larger systematic error than does a series of food photo-
graphs.15 Several studies have examined the validity of
this type of portion size estimation or the added value
of food photographs versus standard amounts. The
angle at which the photographs are taken as well as the
number and range of depicted quantities are important
for the perception of the shown quantities.44
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With innovative image-assisted and image-based
methods, participants can take images of consumed
foods and leftovers, or images are automatically taken
by wearable cameras for subsequent portion size estima-
tion via estimation of the food volume or through com-
parison with standard portions.45 These technologies
have the potential to improve the estimation of portion
size in dietary assessment, though need some further
development.

E. Choice of a Method to Estimate Intake

It is important to carefully select the method for
estimating intake based on the objective and design
of the study, the target population, and the dietary
component(s) of interest. Also, the choice of method
may be decided by that of a previous study to allow
comparison of results between the studies. Some
researchers may choose the most convenient or
cheapest method, even though the method is not
the best choice to answer the study question. This
might explain why the FFQ is often the method of
choice.

There are several dietary assessment toolkits avail-
able to assist researchers in selecting the best approach
in assessment of diet.46 It is advisable to take into ac-
count several considerations for choosing a method
from most to least important.

When selecting a method to answer a study question,
the following considerations should be addressed:

1. What is the main objective of the study? Is it the
assessment of foods or nutrients, other food or intake
components, or dietary patterns?

2. What type of information is needed for the data
analyses and what analytical approach will be used?

3. What is the desired reference period or time frame for
the assessment?

4. What characteristics of the study population may
influence the performance of the methods?

5. Should the results be comparable to other studies?
6. What resources (budget and expertise) are available?

Objective of the study

When choosing a method, first consider in what type
of study the dietary assessment method will be applied
and decide whether the main interest is to determine
intake of foods, nutrients, other components, or a diet
pattern. For example, in experimental or clinical studies,
a biomarker of exposure may be appropriate if the inter-
est is a nutrient for which a biomarker is available,
whereas in an epidemiological study to investigate the
association between a food group such as plant proteins
and a health outcome, only a self-report can provide the
answer. Also, for assessing dietary patterns, self-reports
are indispensable.

Both self-reports, especially an FFQ, and biomarkers
can be used to assess dietary exposure in order to be
able to rank subjects according to intake and then to relate
intake to a health outcome. A biomarker is often used in
(nested) caseecontrol studies or cohort studies comple-
mentary to the use of self-reports.18,47 Open methods
such as 24 hRs and FRs and, if available, dietary bio-
markers are also frequently used to assess compliance
in human intervention trials. An example of the latter
are measurements of a-linolenic acid, EPA, and DHA
in plasma as compliance markers for the intake of mar-
garines supplemented with these fatty acids in patients
who have had a myocardial infarction.48 An important
application of dietary biomarkers is their use as refer-
ence measurements to assess the validity of self-
reports. They provide an estimate of absolute (recovery
markers) or relative intake (concentration markers) and
can be used to calibrate self-reports.49

Analytical approach and type of information

Related to the objective, the approach used for data
analysis is essential in selecting the method. It is impor-
tant to know whether data analysis will be aimed at the
population or the individual level. In surveillance or
monitoring studies, the interest is to assess the proportion
of the population with inadequate or excessive intakes.50

For this interest, it is sufficient to assess the intake
distribution on the population level. In epidemiological
studies, often correlation or regression analysis is per-
formed to assess relationships between intake and health
outcomes. For this type of research question, the method
must be able to rank or classify individuals according to
the intake of interest.50 Thus, for surveillance studies, 2
one-day assessments per individual may be sufficient,
whereas for epidemiological studies at least 2 dayswould
be necessary. The number of days needed depends on the
number of participants and the within-person variation
or day-to-day variation of the nutrient.18

The most difficult aim is to assess the absolute level
of individual intake. This detail of information, for
example, may be needed to calculate a nutrient balance
such as of fat or protein. However, this is mostly only
done under clinical or experimental conditions in small
populations. Most self-reports are not accurate enough
to generate such data, so recovery biomarkers of expo-
sure are essential.

Reference period

For some studies, the interest regarding intake may
be the actual or short-term intake, whereas for other
research questions, it may be the long-term usual intake.
For example, in experiments, the objective of knowing
intake may be short-term (while the experiment is un-
derway), while the adherence to the intervention diet
is evaluated. In clinical practice, an estimate of actual
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intake is needed to relate to symptoms of patients sus-
pected of having a food allergy. On the other hand, in
epidemiological studies, when investigating the rela-
tionship of diets with chronic disease, for example, the
focus is on long-term and usual intake.

In caseecontrol studies, the reference period of intake
is not always the recent past but may be also the distant
past, depending on the start of the disease. It is, of
course, questionable whether respondents are capable
of providing such retrospective reports, especially
because their reports may be influenced by current
intake or current culturally acceptable practices. Some
methods are more suitable to assess actual intake,
such as 24 h recalls and FRs, whereas other methods
such as food frequency and diet history methods are
characterized by their ability to assess usual intake
(see Section II.B).

The study population

Methods may perform differently in diverse age
groups, in males versus females, or in individuals with
disabilities, so the method should be chosen in light of
the characteristics of the target population. Even within
similar populations, methods may have to be adapted
because of heterogeneity of subgroups.

Forexample,respondentsabove65 years of age include
healthy older individuals for whom all methods may
be appropriate but also fragile older people for whom
methods must be adapted because of their inability to
report intake. Thus, competence of older adults to partic-
ipate in dietary assessment studies requires careful
consideration. Adapted recording methods and diet his-
tories have resulted in valid reports for older adults. A
picture-sort technique including a cognitive processing
approach helps elderly people to remember what they
usually eat.11 With regard to 24 hR and FFQ, the possibil-
ity of cognitive decline needs to be borne in mind. It may
also be helpful to combine different techniques, for
example, an FR combined with 24 hR.51

When respondents are unable to answer, surrogate re-
sponders may be used. Individuals who are closest to
the subject (e.g., caregivers) are assumed to be the best
proxy responders, not only because they know the
most about a subject’s lifestyle but also because their
commitment is greater.52 In institutionalized persons,
e.g., care-dependent elderly, proxies or interviewers
may use an observation method, although it is typically
not possible to apply such an intensive method to large
numbers of residents.51

Within the age group of children from 0 to 18 years,
methods may also perform differently as was shown
by Livingstone,53 who evaluated different self-reports
against doubly labeled water as a reference method.
Self-reported intake with children is more prone to er-
rors due to a child’s limited food knowledge, memory,

and concept of time.54 Young children up to the age of
6 years have insufficient ability to cooperate in dietary
assessment procedures.54 For very young children, in-
nursery or in-school meal composition can be observed
or intake recorded by a caregiver or teacher and the in-
formation combined with parental reports at home. Par-
ents are reliable reporters of food intake at home but not
of consumption outside the home.18 In children of
6 years and older, more accurate information can be ob-
tained by interviewing the child and parent together.
From the age of 8 years onwards, there is a rapid in-
crease in the ability to self-report food intake.53

Of key importance in designing appropriate methods
is to understand how food-related information is memo-
rized and subsequently recalled. The most usual
retrieval mechanisms utilized with children are images
(the color and shape of foods); usual practice (familiarity
of the food); behavior chaining (linking foods to other
foods or meal practices); and food preference.53 By
adolescence, cognitive abilities should be fully devel-
oped; limiting problems in that age are usually issues
of motivation and body image. Web-based technologies
may be of added value in this age group.

In one study, the 24 hR method conducted over no less
than 3 days which included parents was found to be the
most valid method to estimate total energy intake in chil-
dren aged 4e11 years.55 Using this approach, timing of
the interview appears to be a very important factor.
Reporting accuracy was found to be greater with a
shorter recalling period interval covering the 24 h
directly preceding the time of the interview. Using pho-
tographs and technology, children could estimate food
portion size with an accuracy approaching that of adults.
Using innovative technologies may improve reports as
well because they may increase motivation, cooperation,
and recognition of types of foods and portion sizes.10

Most methods have been developed and validated
for Western populations but often not for popula-
tions in non-Western low-income countries. In these
countries, the 24 hR is mostly used for population
assessment because it is culturally sensitive and cog-
nitively easy.56 However, procedures of 24 hR may
need to be adapted, for example, with respect to inter-
viewing and cultural practices, as well as seasonal
fluctuations.

Another important characteristic of all populations
that may influence the choice of a method is the presence
of overweight or obesity. A higher bodymass index is an
important determinant of underreporting and should
therefore always be considered.57

Comparability with other studies

If dietary intake has been assessed with different
methods in different studies, it is difficult and probably
not possible to compare or combine their results.
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Therefore, a prerequisite for such comparison is that the
chosen methods are similar. An alternative may be to
perform a calibration study to identify the differences
in performance between the methods. An FFQ
is culturally basedanddeveloped for a certain target pop-
ulation. The application of this method, therefore, limits
the comparability of many epidemiological studies.

In general, researchers can use information from vali-
dation studies to allow comparison betweenmethods. In
the Netherlands, a national FFQ has been developed for
application in Dutch cohort studies.58 To facilitate the
development of new high-quality FFQs and validate
existing FFQs, the National Dietary Assessment Refer-
ence Database study developed a reference database
with detailed information about the level and variation
in dietary intake of the general Dutch population.59

Comparability may be increased by such use of stan-
dardized and transparent procedures.

Costs, feasibility, and expertise

When different methods are suitable to answer the
study question, the choice can be narrowed to choosing
the method with the lowest cost and burden or requiring
the least expertise. For example, a precoded or web-
based method that can be self-administered requires
fewer resources than an open method asking for a
skilled interviewer and coding. Particularly in the case
of use of biomarkers, feasibility aspects are important.
In some cultural settings, it may be difficult to get access
to blood because of the resistance to venepuncture. Simi-
larly, in many situations, it may be difficult to collect 24-
h urines because of the expense as well as the high
respondent burden.

If a relatively cheap instrument cannot meet the objec-
tive of the planned dietary assessment, it should not be
applied because of scientific and ethical reasons.When it
is difficult to select a single method that meets all the re-
quirements, it may be best to concurrently administer
different self-reports or to combine self-reports with
the collection of dietary biomarkers to overcome
possible sources of error.

F. Measurement Error

Since measurement error cannot be avoided, it is
essential to know how type and size of measurement
error can be assessed. With adequate insight into mea-
surement error, a dietary assessment method can be
improved, an appropriate dietary assessment method
chosen, proper power calculations performed, results
of a dietary study interpreted, and study results cor-
rected for the observed measurement error.

Sources of variation

At the level of the individual, dietary intake is cha-
racterized by daily variation superimposed on an

underlying consistent pattern.18 There are two types of
daily intake variation: systematic, where factors such
as day of the week or season contribute to variation in
a systematic way, and random, which cannot be attribut-
able. Dietary data collected onmultiple days incorporate
these types of variation. In FFQ and DH, participants are
asked to provide information about their usual intake,
which requires that they filter out their underlying
consistent dietary pattern themselves. This becomes
more difficult in the absence of a regular dietary pattern.
Urine and blood specimens are the most frequently
collected media for dietary biomarkers and represent a
short-to-medium term time window of dietary intake
(see Fig. 14.1).

The degree of random and systematic variation in di-
etary data differs across nutrients. For example, total en-
ergy and macronutrient intake have relatively little
random variation, whereas intake of some nutrients
such as retinol or marine fatty acids is characterized by
large random variation resulting from large variation in
their daily intakes because they are found in few foods.18

Types of error

From a methodological point of view, four types of
measurement error exist: random within-person error,
systematic within-person error, random between-person
error, and systematic between-person error.18 Systematic
error is also called bias. The types and size of error vary
with the particular dietary assessment method and prob-
ably also with the population to which it is applied.
Table 14.3 provides an overview of the main sources of
error related to the four main types of self-report dietary
assessment methods.18

Random within-person error; Random within-person error
may be due to day-to-day variation in an individual’s
daily intake when habitual intake is estimated. Thus,
error in this methodological sense is not a mistake in
the data collection but rather a mismatch in time
frame. Random within-person error also includes
errors in the measurement of intake on any occasions
that are not systematic. Examples of this type of error
are the result of foods omitted or included falsely in
FRs or 24 hRs, of portion sizes estimated inaccurately,
and of coding mistakes. When random within-person
error is the only type of error present, the precision of
the estimated mean value for an individual depends
on the within-subject variation and the number of
replicate measurements. Similarly, the number of days
required to estimate mean intake for an individual
given the size of the random variation and the
precision that is needed can be estimated.50

Systematic within-person error; systematic within-person
error, or person-specific bias, may be caused when a
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person consciously or unconsciously underestimates or
exaggerates food intake. An important food for an
individual who is not included in a questionnaire, or a
question that is systematically misunderstood by an
individual, will also lead to systematic within-person
error. If the dietary assessment method is repeatedly
administered, the error will occur again, thus leading to
person-specific bias. Consequently, the estimation of
mean intake for an individual is not improved by
repeated measurements and remains biased. Increasing
evidence suggests that most self-reported intakes are
likely to be flawed with person-specific biases.28

Random between-person error; random between-person
error or person-specific error may be due to random
and systematicwithin-person error if they aredistributed
randomly across individuals; an overestimation by some
individuals is counterbalanced by anunderestimation by
others (see Table 14.4). The estimated mean intake is
consequently not biased but the precision is affected,
and the distribution of measured intake is artificially
widened.23 Estimates of the percentage of subjects below
or above a certain cut-off level (e.g., Estimated Average
Requirement) are therefore not accurate. Also, the valid-
ity of measures of associations with health parameters is
hampered and for univariate association is attenuated.28

The precision of the estimate of the mean group intake
where random between-person error exists can be
improved by increasing the number of subjects or the
number of replicate measurements.50

Systematic between-person error; systematic between-
person error is caused by systematic within-person error

that is not randomly distributed across individuals.
Questionnaires that fail to include important foods for a
population, use incorrect standard portion sizes, and
obtain socially desirable answers (untrue) by groups of
people and 24 hRs or FRs that do not include weekend
days will all result in systematic between-person
error.18 As a result, the mean intake is not estimated
correctly nor is the percentage of persons above or
below a certain cut-off level.

Testing whether an association with a health param-
eter exists is not affected by systematic between-person
error that applies equally to all subjects. However, this
error may be associated with a variable for which the
relation with dietary intake is the topic of study, and a
misleading conclusion may be drawn. An example is
body mass index: subjects with a higher body mass in-
dex underreport their energy intake more than those
with lower body mass index.60

TABLE 14.4 The effects of random and systematic between-
person error in dietary intake on parameters to be
estimated.

Parameter to be estimated

Type of between-person error

random systematic

Mean intake Precision Y Validity Y

Variation of intake Validity Y No effect

Percent of subjects below EAR Validity Y Validity Y

Association with health outcome Validity Y No effect

Prepared by Jan Burema.

TABLE 14.3 Sources of error in assessing dietary intake in four types of self-report dietary
assessment methods.18

Sources of error: Weighed record 24-hour recall Diet history Food frequency

Variation in intake with time þ þ � �
Response errors

Omitting foods þ þ þ þ
Including foods � þ þ þ
Estimation of weight of foods � þ þ þ
Estimation of frequency of foods
consumed

n.a. n.a. þ þ

Changes in real diet due to
burden of method

þ þ/� � �

Errors in conversion into nutrients

Food composition database þ þ þ þ
Coding/choosing correct food þ þ þ �

þ, error is likely.

�, error is unlikely.

n.a., not applicable.
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The effects of random and systematic between-person
measurement error on various parameters to be esti-
mated are summarized in Table 14.4.

Biomarker errors; although biomarkers of intake are
considered objective (and thus not subject to subject
bias) and can be measured in a wide array of speci-
mens, they are also prone to error. Errors in biomarker
concentrations are related to specimen collection, pro-
cessing, and storage (preanalytical errors), laboratory
errors, and errors related to within-person variation
over time.61 In order to reduce the uncertainty in the
concentration of a biomarker, these issues need to be
addressed by standardizing the preanalytical stage as
much as possible, by validating and standardizing
measurements in the laboratory to reduce bias and
assay variation, and by increasing the number of
samples obtained to take into account biological
variation.

With respect to blood samples, the easiest way is to
collect finger-prick blood, but the volume that can be ob-
tained is usually low and is unsuitable to aliquot into
smaller portions for storage. Dividing the specimen into
different aliquots is in general advisable to prevent losses
due torepeatedfreeze-thawingcycleswhenmultiple com-
ponents are of interest and only one aliquot is available.61

Concentrations of biomarkers in blood are dependent
on the procedure followed, e.g., fasting state, previous
exercise, posture of the subject (supine or sitting), and
skills of the phlebotomist. In addition, for some nutrients
such as folate or vitamin C, stabilization may be required
after collection. The preanalytical stage contributes most
to the “turnaround time” of a specimen, and therefore
fast processing of a sample after collection is necessary
to avoid unwanted changes in the sample.62 Storage at
very low temperature (liquid nitrogen, �80�c freezer) is
required, especially when long-term storage is necessary
for a biomarker study. Ideally, stability studies should be
included. Losses of biomarker content can occur due to
inadequate storage, which may lead to attenuated effect
estimates.63

Urine, either spot or 24-h urine, is available in lar-
ger quantities. Urine sampling represents short-term
exposure to diet and, especially with 24-h urine sample
collection, e.g., for assessing protein or sodium intake,
requires perceptive and cooperative subjects. One of
the main challenges is assuring completeness of a 24-
hour urine collection. This is often monitored by the sub-
jects taking PABA tablets, and then excretion of PABA in
the collected urine is measured to monitor compliance.
Specific preservation techniques during collection may
be necessary depending on the analyte of interest,
ambient temperature of the sample collected, and collec-
tion period.

Evaluation of measurement error; Information on the size
of random measurement error can be obtained from di-
etary repeatability and validity studies. In repeatability
studies, the dietary assessment method is readminis-
tered. Such studies only give information on part of
the total error, i.e., not that based on systematic within-
person error.18 In theory, validity studies supply
information on the total error. However, in practice,
this is limited by the lack of a true gold standard, that
is, dietary assessment methods without errors or with
completely independent errors. In the absence of a true
gold standard, it is important that the test method for
which the validity is being assessed is compared to a
reference method with independent types of
measurement error. The OPEN study is an example of
a study that gives insight in the error matrix for 24 hRs
and FFQs.28

An often-used check for misestimation of energy
intake is the ratio of energy intake to estimated basal
metabolic rate. If this ratio is below the confidence limit
of the expected value of PAL for the individual, energy
intake is very likely underreported. These checks can
be done at the study population level as well as the level
of the individual; confidence limits of PAL differ for
these situations.27

Removing measurement error

Formulas and statistical models that correct for the ef-
fects of random measurement error are available for
many outcome measures, such as the distribution of in-
takes and measures of associations with other variables
such as correlation coefficients, regression coefficients,
and relative risks.18,64 Techniques for adjustments are
not well developed for systematic measurement error
associated with parameters of interest.

III. DEVELOPMENT AND
APPLICATION OF METHODS

A. Self-Reports

Recent developments in dietary assessment methods
by self-reports focus mainly on applying new technol-
ogy tools. Accessibility of the new technology to partic-
ipants needs to be considered, as well as how food is
identified and how consumed foods are quantified. Cus-
tomization to the population group of interest should be
carefully considered, and it is essential that the data
output, data flow, and linkage to other data like food
composition databases are developed well. New tools
need to be pretested in the population group for later
implementation. Usability tests and focus group
discussions can be appropriate approaches for such
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pretests. Usually, many iterations are required. After the
tool is developed, performing a validity study is of
utmost importance. In case the new tool will replace
another existing tool, a comparison or calibration study
is important.40

B. Discovery and Validation of Biomarkers

Several approaches have been used in the past to
identify markers of intake: either well-controlled dietary
intervention studies have been used or correlation
studies of self-reported intake of specific foods or food
groups with urinary profiles or blood concentrations.4

Most biomarkers of food intake were identified using
compound-specific analytical procedures. In this hypo
thesis-driven or targeted-approach candidate, bio-
markers are selected based on knowledge of their
presence in foods or food groups and by information
on their metabolism or excretion. Subsequently, the suit-
ability of the candidate biomarkers is further confirmed
in dietary intervention studies.

C. Metabolomics

The emergence of metabolomics techniques allows the
measurement of multiple components simultaneously,
often by a nontargeted or discovery-driven approach,
and this has been increasingly used during the last
decade to explore the food metabolome. The food metab-
olome is the change in metabolite concentrations due to
the digestion, absorption, and biotransformation of
foods in the body or by microbiota.31 Proline betaine as
biomarker of citrus fruits intake was one of the first
biomarkers discovered using this approach in an inter-
vention study.65 Correlation studies using nontargeted

approaches and self-reported intakes has revealed
many candidate biomarkers as well.31,66 Metabolomics
uses high throughput techniques based on NMR, GC-
MS, or LC-MS, and these techniques offer a promising
opportunity to discover novel biomarkers of intake at
very low concentrations.4 However, a challenge is to pro-
cess and statistically analyze a huge amount of raw data
by multivariate techniques. The identification and quan-
tification can also be challenging due to poor availability
of standards and the need for interlaboratory biomarker
validation (reproducibility) studies.

Ideally, the validity of any biomarker should be
established in well-controlled studies. The number of
thoroughly validated dietary biomarkers however is
limited, and the lack of a systematic approach, or well-
defined validation criteria, has been brought up recently
by some researchers.67 The aim of the Food Biomarkers
Alliance (FoodBAll) project is “to develop clear strate-
gies for food intake biomarker discovery and validation,
and to identify and validate biomarkers for a range of
foods consumed across Europe.”47

D. Validation of Biomarkers

Validation criteria to critically assess candidate bio-
markers have been suggested to address the following
attributes of the biomarker: (1) sensitivity and specificity
of analytical method; (2) specificity of the marker for its
food/food group; (3) doseeresponse relationship; (4)
timeeresponse relationship for acute intakes; (5) timee
response relationship for repeated intakes; (6) robust-
ness after intake of complex meals; (7) validation against
other markers for same food (group); and (8) verification
of sensitivity and specificity shown in a validation
study.67 For most biomarkers, only a few of these attri-
butes have been evaluated thoroughly.

RESEARCH GAPS

Future directions for dietary assessment and biomarkers of intake include further development of

• Innovative technologies for dietary assessment including food identification and portion size estimations and
their evaluation;

• Validation in specific population groups, especially non-Western populations;
• Assessment of intake of dietary supplements combined with intake from foods, and related measurement

error;
• Biomarkers of intake using controlled feeding studies.

Acknowledgments

This chapter is an update of the chapter titled Estimation of Dietary
Intake by van Staveren WA, Ock MC, and de Vries JHM in Present
Knowledge in Nutrition, 10th Edition, edited by Erdman JW,

Macdonald IA, and Zeisel SH and published by Wiley-Blackwell. ©
2012 International Life Sciences Institute. Portions of this update
are from the previously published chapter, and the contributions of
previous authors are acknowledged.

Section B. Nutrition Monitoring, Measurement, and Regulation

III. Development and Application of Methods 263



IV. REFERENCES

1. Bingham SA. Biomarkers in nutritional epidemiology. Public Health

Nutr. 2002;5(6a):821e827.
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63. Ocké MC, Schrijver J, Obermann-De Boer GL, Bloemberg BPM,
Haenen GRMM,Kromhout D. Stability of blood (pro)vitamins dur-
ing four years of storage at �20 �C: consequences for epidemio-
logic research. J Clin Epidemiol. 1995;48(8):1077e1085.

64. Freedman LS, Midthune D, Dodd KW, Carroll RJ, Kipnis V.
A statistical model for measurement error that incorporates varia-
tion over time in the target measure, with application to nutritional
epidemiology. Stat Med. 2015;34(27):3590e3605.

65. Heinzmann SS, Brown IJ, Chan Q, et al. Metabolic profiling strat-
egy for discovery of nutritional biomarkers: proline betaine as a
marker of citrus consumption. Am J Clin Nutr. 2010;92(2):436e443.

66. Zamora-Ros R, Achaintre D, Rothwell JA, et al. Urinary excretions
of 34 dietary polyphenols and their associations with lifestyle fac-
tors in the EPIC cohort study. Sci Rep. 2016;6:26905.

67. Dragsted LO, Gao Q, Scalbert A, et al. Validation of biomarkers of
food intake-critical assessment of candidate biomarkers. Genes &
nutrition. 2018;13:14.

Section B. Nutrition Monitoring, Measurement, and Regulation

IV. References 265

https://doi.org/10.3390/nu9101136
https://doi.org/10.3390/nu9101136


C H A P T E R

15

ESTABLISHING NUTRIENT INTAKE
VALUES

Janine L. Lewis1, BSc, Grad Dip Nut & Diet, Grad Dip Public Health
Johanna T. Dwyer2,3, DSc, RD

1Food Standards Australia New Zealand, Canberra, ACT, Australia
2Tufts University Medical School, Boston, MA, United States

3Office of Dietary Supplements, National Institutes of Health, Bethesda, MD, United States

SUMMARY

Nutrient intake values (NIVs) are recommendations for nutrient intakes throughout the life cycle that
meet human nutrient requirements. These values are necessary for nutrition science and policy making,
including assessing the adequacy of food supplies and diets to support health. They also serve as a basis
for reference values used in nutrition labeling. NIVs may apply internationally or to national or regional
populations. They are established by international, regional, or national government agencies or pro-
fessional scientific societies. Because of this diversity, NIVs often differ from country to country, not only
for relevant scientific reasons but also because of local choice of terminology and derivation. The reasons
for the similarities and differences across countries are described for major sets of NIVs that are published
in English. Efforts over the past decade to harmonize terminology and methodological approaches have
been made by the international agencies, but progress is slow.

Keywords: Dietary reference intakes; Dietary reference value; Harmonization; Nutrient reference value;
Terminology.

I. INTRODUCTION

A. Background

A set of reference values for nutrient intake to sustain
health throughout the life cycle is an essential nutrition
policy tool. Various sets of such reference values have
been developed, expanded, and updated over the years
for international, regional, or national use. Their develop-
ment is resource intensive, time consuming and expensive
and requires a wide range of scientific expertise. There-
fore, this work has been carried out primarily by United
Nations agencies, governments, or professional/scientific
nutrition societies. Some countries do not establish their
own nutrient intake recommendations. Instead, they
adopt or modify those from other sources appropriate to

their situation or use those that are available internation-
ally. The terminology used in these recommendations dif-
fers widely among the various sources although each
suite of terms relates to similar concepts. This chapter
has adopted the internationally proposed collective term
for nutrient intake recommendations called nutrient intake
values (NIVs).1 NIVs are numeric, evidence-based values
that describe and quantify the amounts of nutrients
from the diet needed to meet human requirements.
Regardless of whether a set of NIVs applies to a national,
regional, or international population, these values are
derived for age-sex groups and certain life stages (such
as pregnancy or lactation) throughout the life cycle.

In an increasingly global nutrition world, scientists and
policymakers need to understand the basis for NIVs, their
derivation, proper interpretation, and use. Now that the
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range of national, regional, and international publications
of NIVs is highly accessible on the Internet, it is important
to understand how these reference sets vary. The
following sections describe the similarities and differences
of sets of NIVs available in English, their uses, terminol-
ogy, methodological approaches employed, and efforts
over the last decade to improve global harmonization.

II. DEFINITIONS AND EXPLANATORY
RELATIONSHIPS

A. Uses

NIVs are used for many purposes, including assess-
ment of individual intakes and in the examination and
interpretation of nutrition surveys to provide an
estimate of probable nutrient intake adequacy of popu-
lations. They are also used for planning of individual
diets, food labeling, formulating criteria for food
programs, institutional feeding, and other nutritional
interventions (Fig. 15.1). When NIVs are used appropri-
ately, they help to harmonize nutrient-based dietary
assessment and planning, both within and between
countries.

B. Terminology

In 2010, the Food and Agriculture Organization
(FAO) and the World Health Organization (WHO) were

requested to survey reference sources of NIVs for vita-
mins and minerals from around the world. The report2

surveyed 55 national, regional, and international sets of
NIVs published between 1998 and 2010. In so doing, it
importantly observed that a lack of common naming ter-
minology among countries made it difficult to compare
and classify the basis for the numeric values. Different
terms were used for the same concept, and the same
term was used for different concepts depending on the
country or organization.

Table 15.1 presents a summary of the various terms
applied to NIVs by expert bodies in various countries
including the Institute of Medicine (IOM) for the United
States and Canada; the European Food Safety Authority
(EFSA) for countries in the European Union (EU); and
the FAO of the United Nations and the WHO for use
internationally. In 2007, a consortium of international
experts convened by the United Nations University
(UNU), with help from FAO and WHO, also proposed
new terminology for NIVs in recognition of the lack of
global uniformity in this field.6 The most notable new
term, the INLx, was built on an existing concept to indi-
cate that any percentile in the statistical distribution of
requirements could be adopted as the recommended
intake level. Generally, the new terminology refers to
similar concepts and uses a similar framework to others,
but, so far, it has not been widely adopted.

In Table 15.1, the term “intake” in the Description col-
umn respectively takes the general meaning of a

FIGURE 15.1 Relationship between dietary standards, dietary guidelines, and associated interventions and better health.
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TABLE 15.1 Glossary of terms used for describing NIVs by various expert bodies.

Term Abbreviation General description Term used by

Acceptable
macronutrient
distribution range

AMDR Range of intakes for
carbohydrate, fat, and
protein associated with
reduced risk of chronic
disease while providing
adequate intake of
essential nutrients

IOM3 for the United
States and Canada;
NHMRC/MOH4 for
Australia and New
Zealand

Adequate Intake AI An observed or
experimentally
determined intake by a
population that is
assumed to be adequate

IOM3;
EFSA5 for the european
union;
NHMRC/MOH4

Average nutrient
requirement

ANR The average
requirement estimated
from a statistical
distribution of
requirements for a
population

Proposed by UNU/
FAO/WHO6

Average requirement AR Intake that is adequate
for half the population,
given a normal
distribution of
requirement

EFSA5;
Nordic council of
ministers for nordic
Countriesa,7

Chronic disease risk
reduction intake

CDRR Intake above which an
intake reduction is
expected to reduce
chronic disease risk

NASEM8

Dietary Reference
Intake

DRI Set of reference nutrient
intake values: EAR,
RDA, AI, AMDR,
CDRR, UL

IOM3

Dietary Reference
Value

DRV Set of reference nutrient
intake values: EAR,
RNI, LRNI, SI

Committee on medical
Aspects of Food and
Nutrition Policy
(COMA)b,9 for the
United Kingdom (UK)

Set of reference nutrient
intake values: AR, PRI,
LTI, AI, RI, safe and
adequate intake, UL

EFSA5

Nordic Nutrient
Recommendations: AR,
RI, LI, UL

Nordic Council7

Estimated Average
Requirement

EAR Intake estimated to
meet the requirement of
half the population

IOM3;
NHMRC/MOH4;
COMAb,9;
FAO/WHO10

Guideline
recommendation

WHO guideline See Box 15.1 WHO11e13

Individual nutrient
level, x ¼ percentile
chosen

INL x Intake at the chosen
percentile of the normal
distribution of
requirement

Proposed by UNU/
WHO/FAO6;
Adopted by codex
alimentarius14

Continued
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TABLE 15.1 Glossary of terms used for describing NIVs by various expert bodies.dcont’d

Term Abbreviation General description Term used by

Lower intake level LI A cutoff intake below
which could lead to
clinical deficiency
symptoms in most
individuals

Nordic Council7

Lower reference
nutrient intake

LRNI Intake enough for only
a small group in a
population who have
low requirements
(2.5%)

COMAb,9

Lower threshold intake LTI Intake below which
almost all are unable to
maintain “metabolic
integrity,” according to
a chosen criterion

EFSA5

Nutrient intake values NIV Set of reference nutrient
intake values: ANR,
INLx, UNL

Proposed by UNU/
WHO/FAO6

Nutrient Reference
Values

NRV Set of reference nutrient
intake values: EAR,
RDI, AI, AMDR, UL

NHMRC/MOH4

Population Reference
Intake

PRI Intake that is adequate
for virtually all in a
population

EFSA5

Recommended Dietary
Allowance

RDA Intake sufficient to meet
the requirements of
nearly all in a
population

IOM3

Recommended Dietary
Intake

RDI Intake sufficient to meet
the requirements of
nearly all in a
population

NHMRC/MOH4

Recommended Intake RI Intake that meets the
requirements and
maintains good
nutritional status
among practically all in
a population

Nordic Council7

Recommended
Nutrient Intake

RNI Intake that meets the
requirements of almost
all in a population

FAO/WHO10

Reference intake range
of macronutrients

RI The intake range for
macronutrients,
expressed as % energy
intake that are adequate
for maintaining health
and associated with a
low risk of selected
chronic diseases

EFSA5

Reference Nutrient
Intake

RNI Intake that is enough or
more than enough for
about 97% of a
population

COMAb,9
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(average) daily nutrient intake level; the term “popula-
tion” is assumed to be a group of apparently healthy in-
dividuals of a particular age, sex, and life stage.

Table 15.2 provides selected abbreviations from
Table 15.1 arranged by concept and expert body to indi-
cate the level of similarity and difference in terminology
for NIVs.

C. Methodological Approaches Employed

Similarities

Today, nomenclature and methods for ascertaining
nutrient requirements are becoming more widely
accepted and harmonized between expert groups and
countries, with the result that recommendations for

TABLE 15.1 Glossary of terms used for describing NIVs by various expert bodies.dcont’d

Term Abbreviation General description Term used by

Safe and adequate
intake

Not established Intake that does not
give rise to concerns
about adverse health
effects, in instances
when a UL could not be
established and
assumed to be sufficient
based on observations
from a population

EFSAc,15

Safe intake SI Intake enough for
almost everyone, but
below a level that could
have undesirable
effects

COMAb,9

Tolerable Upper Intake
Level

UL Highest average intake
likely to pose no risk of
adverse health effects to
almost all in a
population

IOM3

Maximum chronic
intake unlikely to pose
a risk of adverse health
effects

EFSA16

Upper Intake Level UL Maximum chronic
intakes unlikely to pose
a risk of adverse health
effects

Nordic Council7

Upper level of intake UL Highest average intake
likely to pose no
adverse health effects to
almost all in the
population

NHMRC/MOH4

Maximum habitual
intake likely to lead to
adverse health effects

WHO17

Upper nutrient level UNL Highest average intake
likely to pose no risk of
adverse health effects to
almost all in a
population

Proposed by UNU/
FAO/WHO6

aNordic countries comprise Denmark, Finland, Norway, Sweden, Iceland, the Faroe Islands, Greenland, and Åland.
bCOMA was disbanded and replaced by the Scientific Advisory Committee on Nutrition (SACN) that updated selected DRVs from 2011.
cThis term applies only to sodium and chloride.
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nutrient intakes are converging more than ever before.
The data on which NIVs are based are generally similar
when reviewed by expert groups and then adopted by
one country or another. They include relevant human
clinical and experimental data (such as depletione
repletion studies, doseeresponse studies, and balance
studies), epidemiological studies, and relevant animal
studies. The methods used in formulating NIVs gener-
ally involve a review of the literature and recommenda-
tions by expert scientists on the nutrient in question.

Most expert bodies setting NIVs now provide values
for protein, vitamins, and minerals and newer sections
on dietary components that are relevant to the reduction
in risk of diet-related diseases.18,19 For example, the
recent revisions of the US/Canadian Dietary Reference
Intakes (DRIs) for sodium and potassium provide addi-
tional focus on such outcomes with a new chronic dis-
ease risk reduction (CDRR) intake value.8 Developing
CDRR values such as acceptable macronutrient distribu-
tion ranges (AMDRs) and CDRRs are challenging since
the causes of the diseases are multifactorial, including,
but not limited to, one or more dietary components.
When experimental studies are possible for studying
chronic diseases, they are usually of short duration
with high doses and surrogate markers from which
lower intakes over many years and chronic disease
endpoints are inferred. Risk reduction values are there-
fore not usually determined experimentally; rather,
they are based largely on observational epidemiology,
with all the difficulties this method creates for establish-
ing causal inference.

There is variability in nutrient requirements even
among individuals who are similar in age and sex or
life stage, and therefore statistical concepts are essential
in the derivation and interpretation of NIVs.20 The use of
probability models and statistical techniques is vital in
the formulation of human nutrient requirements since
such requirements all have a probability distribution

that must be dealt with by a probability approach.21

For individuals, the values are stated in probabilistic
terms since an individual’s nutrient requirements are
never known with certainty.

Virtually all expert bodies setting NIVs now use
similar statistical approaches for determining the mid-
point of the distribution of requirements for a given
function for each nutrient, and for deriving an estimate
of the standard deviation (SD) of the requirements.
These bodies also use probability theory to state a level
that ensures nutritional adequacy for most individuals
at some point above the mean requirement, such as 2
SDs. Although data are often lacking at present, a sec-
ond set of distributions of risk of excessive intakes is
used when it is available as the basis for establishing
the upper nutrient levels (UNL).

Most expert bodies setting NIVs base them on criteria
that reflect a meaningful biomarker of a nutrient-related
function.22 This is critical since the choice of indicator or
function will determine the amount of the nutrient that
is needed. Desirable criteria exhibit a doseeresponse
function, are responsive to inadequacy or excess of a sin-
gle nutrient, resist rapid day-to-day changes in response
to inadequate, adequate, or excessive intakes, are easily
measurable or assessable with noninvasive methods,
and are unresponsive to environmental changes other
than nutrient intakes.1 Although functional criteria
that reflect chronic disease endpoints are often the
most relevant, the data for using them are often not
available.23

Methods for using NIVs in dietary assessment and
planning are also becoming increasingly popular and
uniform. One such use is for nutrition labeling, which
is discussed later in the chapter.

Differences

In spite of the similarities noted above, there are still
many differences between the processes used by expert

TABLE 15.2 Comparison of terminology used by selected expert bodies for describing NIVs.

UNU/FAO/WHO6 IOM3 EFSA5,16 FAO/WHO10,17

Terms used NIV DRI DRV

Average requirement ANR EAR AR

Recommended intake for
almost all in a population

INLx,
where x ¼ 97.5

RDA PRI RNI

Adequate intake AI AI

Macronutrient distribution range AMDR RI Guideline recommendation11e13

Upper level UNL UL UL UL

AI, Adequate Intake; AMDR, acceptable macronutrient distribution range; ANR, Average Nutrient Requirement; AR, Average

Requirement; DRI, Dietary Reference Intake; DRV, Dietary Reference Value; EAR, Estimated Average Requirement; INLx, indi-

vidual nutrient level, where x ¼ percentile chosen; NIV, Nutrient Intake Value; PRI, Population Reference Intake; RDA, Recom-

mended Dietary Allowance; RIs, reference intake range for macronutrients; RNI, Recommended Nutrient Intake; UL, Tolerable

Upper Intake Level/upper intake level; UNL, upper nutrient level.
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bodies to set NIVs and in their estimates of nutrient
requirements.

Terminology and nomenclature are still not harmo-
nized even though NIVs are defined in similar ways
by most expert bodies. Inconsistencies in the concep-
tual frameworks used may lead the unwary to assume
that differences in expert reports are much greater than
they actually are. The reasons for the differences in es-
timates of NIVs include the relative emphasis given to
different types of evidence (human epidemiological or
experimental studies and studies from other species)
and the functional criteria chosen, whereas the litera-
ture available when the reviews were conducted also
contributes to differences in conclusions. Differences
also exist as a result of variations in dietary composi-
tion (which affect nutrient absorption and bioavail-
ability), the anthropometric reference standards used
(e.g., height, weight, or growth rates of reference indi-
viduals), definitions of reference groups or groups at
risk (e.g., premature infants), and assumptions about
the climate, altitude, and temperature. NIVs also vary
according to underlying assumptions about nutrient
bioavailability and how these values are extrapolated
if evidence is unavailable for certain age-sex or life
stage groups. Where there is insufficient biological
data, NIVs may also be established based on food con-
sumption surveys of usual intakes of healthy people.
This explains to some extent the variability in
Adequate Intake (AI) values that reflect diverse dietary
patterns.

D. How NIVs Are Developed by Various
Expert Groups

Governmental or quasigovernmental bodies are
responsible for setting NIVs in some countries (the
United States/Canada, EU, Australia/New Zealand)
whereas it is professional societies (Korean Nutrition So-
ciety) in some others. In addition to the preceding expert
groups, other joint collaborations of governments or
professional societies set NIVs, such as the Nordic
Council of Ministers for Nordic Countries and the nutri-
tion societies of Germany, Austria, and Switzerland
(known as D-A-CHdconstructed from the initial letters
of the country identifications for Germany [D], Austria
[A] and Switzerland [CH]). The expert groups also differ
in the extent to which the NIV development process is
transparent, reproducible, and objective. Some expert
groups use systematic evidence-based reviews to sup-
port the development of their NIVs in order to promote
a transparent and rigorous process for reviewing the
relevant data and to facilitate the update of these values
as new evidence becomes available.24,25 However, some
modifications to the systematic review process are
required for this purpose.26

Scientific and technical challenges in applying
systematic reviews to the development of NIVs include
defining and prioritizing the key research questions, the
quality of available studies, and finding biomarkers or
intermediate (surrogate) outcomes that can be used
when there is a dearth of studies directly linking
nutrient intakes to clinical or functional outcomes. There
are also logistic challenges in procuring sufficient staff-
ing, time, and economic resources to conduct such sys-
tematic reviews on each of the key research questions.
Nevertheless, using vitamin A as an example, a modi-
fied systematic review process was judged to promise
a greater degree of transparency and objectivity in
setting NIVs than not using it.27

The most recent IOM review of vitamin D and cal-
cium incorporated a systematic evidence-based review
in the process of updating these DRIs.28 An independent
panel of technical experts helped informatics experts
prioritize and select key questions and outcomes of in-
terest; methods for using existing systematic reviews
were refined for determining requirement-related ques-
tions; and quality assessment tools and methods for
translating results from studies not designed to address
the issues of interest were developed and applied.29 A
similar process of defining in advance questions to be
addressed by systematic reviews prior to a panel of ex-
perts reviewing the results was also used in developing
more recent recommendations updating dietary intakes
for sodium and potassium.8

Methods for using NIVs in assessing nutrient intakes
and for planning vary from one expert group to another.
Since there is considerable variability in the nutrient in-
takes of similar individuals under similar circumstances
that must be taken into account in dietary assessment
and in planning, these procedures also require the
application of statistics to adjust food consumption
surveys to estimate usual intakes. These methods are
briefly described30 and more extensively in volumes
from the IOM devoted to dietary assessment20 and plan-
ning.31 Themethods have been applied to setting intakes
to decrease chronic disease risk, make recommendations
for meals in child care programs, and devise guidance
for developing food packages for pregnant and
lactating mothers, infants, and children in several recent
reports.19,32,33

III. CURRENT STATUS OF THE FIELD

A. Dietary Reference Intakes Developed for the
United States and Canada

The DRIs used in the United States and Canada are
published in several volumes3,34e39 and are described
in detail elsewhere. Various types of DRIs have been
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established for energy, 8 macronutrients and their key
components, 11 vitamins, and 17 minerals, of which 2
have Tolerable Upper Intake Levels (UL) only. The key
types of DRIs are described as follows.

Estimated Average Requirement

The Estimated Average Requirement (EAR) is the
amount of a nutrient that meets the requirement for a
specific criterion of adequacy for half of the individuals
in a population of a given age and sex or life stage. This
is an average or median value since the amount of the
nutrient needed to achieve adequacy varies from one in-
dividual to the next. Because nutrient requirements are
usually distributed normally or can be transformed
mathematically to achieve a normal distribution, this is
a useful summary number. EARs have been established
for protein, carbohydrate, and several vitamins and
minerals.

For most of these nutrients, there are many different
functional criteria that might be chosen for setting the
requirement, and therefore it is important to justify the
choice of a given criterion. For example, the criteria for
vitamin A that could be used as a basis to evaluate ade-
quacy included the presence of xerophthalmia, night
blindness, or an amount above a cutoff for plasma
retinolebinding protein levels. Because the EAR is a me-
dian requirement for a group, and because the variation
around the median is considerable, the EAR is not useful
for estimating the nutrient adequacy of an individual’s
intake. At the EAR level of intake, half of the individuals
in a group are expected to be below their requirement
and half are above it. An individual whose usual intake
is below the EAR has a risk of inadequacy between 50%
and 100%.

In contrast, by using the EAR, it is possible to assess
the prevalence of inadequacy in population groups
with a statistical technique known as the probability
approach, a derivation of which is commonly referred
to as the EAR cutpoint method.20 Simply stated, the cut-
point method provides an indication of the prevalence
of inadequate intakes in a population by the proportion
of the population with nutrient intakes below the EAR.
Dietary advice to the general public should attempt to
promote distributions of intakes by individuals in which
as many individuals as possible have usual intakes that
are above the EAR and below the UL. For this reason, the
Recommended Dietary Allowance (RDA) level of intake
is used for most recommendations to the public.

Recommended Dietary Allowance

The RDA is the average daily dietary intake level that
is expected to meet the nutrient requirements of nearly
all (e.g., 97%e98%) healthy persons of a specific age
and sex or life stage. In order to calculate the RDA
from the EAR, it is assumed that the requirement

distribution is normal or can be transformed to
normalcy, and that the amount of the nutrient needed
to cover virtually everyone in the population is defined
statistically for 97%e98% coverage as 2 SDs above the
EAR. When no SD is available, the coefficient of varia-
tion is used. It is usually assumed to be 10% (or 1.2 times
the EAR) or, on occasion, as 15% (1.3 times the EAR) on
the basis of existing nutrient requirement data. If an in-
dividual has an intake that is less than the RDA but more
than the EAR, his risk of inadequacy would be between
2% and 3% and 50%. As intakes fall further below the
RDA, the risk rises but not the certainty of inadequacy.
Thus, the RDA is the nutrient intake goal for planning
the diets of individuals. However, it is not appropriate
for assessing the diet of an individual since there are
many whose intakes are below the RDA but who may
still be getting enough of the nutrient to be above their
own nutrient requirement level. Because the RDA is
set at a level that exceeds the actual needs of all but
about 2%e3% of a population group, it is also overly
generous as a standard for evaluating adequacy of
group intakes and should not be used for that purpose.
The EAR is the appropriate nutrient value to determine
the adequacy of the average intake of the group. For
example, a recent US publication compared subgroup
intakes to the EAR.40

Adequate Intake

When the EAR for a nutrient is not known for the
particular functional criterion that is most relevant, it
is not possible to apply statistical theory and derive
an RDA. However, often there is enough information
to make some quantitative recommendations about
adequate and healthful nutrient intake levels. Under
such circumstances, an AI is set as a tentative goal or
target for the nutrient intake of individuals until more
information is available. Since knowledge is limited,
and depending on the data used to establish the AI, it
is unknown whether the estimate is generous, sufficient,
or possibly even inadequate. The definitions and deriva-
tion of an AI vary somewhat, but it is often the average
or median intake of a group of healthy people, all of
whom are assumed to be meeting their nutrient needs.
Therefore, falling short of an AI does not signify inade-
quacy since it is not based directly on a functional
requirement. The most common use of AI is for young
infants where it is based on estimates of human milk
nutrient content and the mean intakes of groups of
healthy infants. However, recommendations for water
intake from food and beverages are also provided as
AIs, based on maintaining serum osmolality and what
is known about nutrient needs for water.38 The DRIs
also include an AI for dietary fiber, based on decreasing
risk of cardiovascular disease,3 along with a definition of
dietary fiber.
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Estimated Energy Requirement

Small excesses in energy intake can, over time, result
in weight gain. Also enough is known about energy
output to enable exact calculations of energy output
and intakes. The EAR and RDA do not apply to energy.
Instead, energy needs are stated as average require-
ments for similar individuals. The Estimated Energy
Requirement (EER) is calculated from equations derived
from experimental data on the energy needs of individ-
uals of normal weight with a healthy bodymass index of
between 18.5 and 25 for adults of a given age and sex,
height, weight, and physical activity level (PAL).3 The
data are derived from a large international set of doubly
labeled water data.

In determining an individual’s EER, the person’s PAL
increases the basal energy requirement needed to main-
tain current body weight. The activity factors needed to
estimate physical activity range from 1.2 for Sedentary
(little to no exercise þ work a desk job), to 1.375 Lightly
Active (light exercise 1e3 days/week), to 1.55 Moder-
ately Active (moderate exercise 3e5 days/week), and
1.725 Very Active (heavy exercise 6e7 days/week).
Separate equations to maintain body weight were also
developed for overweight and obese individuals.3

Acceptable Macronutrient Distribution Range

The AMDR is a range of acceptable macronutrient
distributions for individuals, usually presented as a
percent of total energy intake. Ranges are provided for
protein, fat (and n-3 and n-6 fatty acids), and carbohy-
drates.3 The AMDR is not experimentally derived but
based largely on epidemiological data. The values are
estimates that are thought to minimize the potential
for chronic disease such as diabetes and cardiovascular
disease over the long term, while also allowing for
adequate levels of essential nutrients and energy to be

consumed. See Table 15.3 for the IOMAMDRs for adults
for protein, total carbohydrate, and total fat.3 Protein
also has a separate EAR and RDA based on nitrogen bal-
ance studies, as well as an amino acid scoring pattern to
evaluate protein quality.3

For dietary cholesterol, trans fatty acids (TFAs), and
saturated fatty acids, intakes as low as possible while
consuming a nutritionally adequate diet are recommen-
ded.3 Although not a UL, the recommendation for
added sugars was to limit them to no more than 25%
of energy intake in order to ensure sufficient intake of
some essential vitamins and minerals.3 However, since
the data originally used to model that limit are now
over two decades old, it is likely to be appropriate
only for very active individuals. For most Americans
who are much more sedentary, their energy needs are
so low that, after following dietary patterns recommen-
ded by the latest edition of the Dietary Guidelines for
Americans 2015e20,42 the percent of kilocalories from
added sugars would have to be far lower than 25% to
stay in energy balance. The American Heart Association
has urged stricter upper limits based on their reviews of
the evidence associating dietary sugars and cardiovas-
cular health and suggested a limit closer to 13% of en-
ergy intake from added sugars.43 Values for selected
adult AMDRs are shown in Table 15.3.

Chronic Disease Risk Reduction Intake

The recent evaluation by NASEM of DRIs (NIVs) for
sodium and potassium concluded that a new NIV, the
CDRR intake, was also necessary.8 The sodium CDRR
was defined as the lowest level of intake for which there
was sufficient strength of evidence to characterize a
CDRR. For adults, the CDRR recommendation is to
reduce sodium intakes above 2300 mg/day. The AI for
sodium, which was established for nonchronic disease

TABLE 15.3 Selected NIVs for adults as a percent of energy (%E) unless otherwise stated.

Nutrient or dietary factor FAO/WHO13,41 EFSA15 IOM3

Total fat 15%e30% 20%e35% 20%e35%

Saturated fatty acids <10% As low as possible As low as possible

n-6 PUFAS 5%e8% 4% linoleic acid 5%e10% linoleic acida

n-3 PUFAs 1%e2% 0.5% a-linolenic;
250 mg/day EPA þ DHA

0.6%e1.2% a-linolenic acida

Trans fatty acids <1% As low as possible As low as possible

Carbohydrate 55%e75% 45%e60% 45%e65%

Dietary sugars <10% free sugars Under review <25% added sugars

Protein 10%e15% Not given as %E 10%e35%

Cholesterol <300 mg/day Not established As low as possible

DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PUFAs, polyunsaturated fatty acids.
aApproximately 10% of this range can come from long-chain PUFAs.
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relationships, continues to be 1500 mg/day for adults.38

For potassium, values for adults were not established
for a CDRR, but AIs for adult women and men are
2400 mg/day and 2500 mg/day, respectively,8 a decrease
from the AI of 4700 mg/day established in 2004 based on
chronic disease relationships.38 If population recommen-
dations are to be made for NIVs for CDRR more gener-
ally, methods for establishing the levels of nutrient
intakes to recommend for populations will also need to
be developed and refined.

Tolerable Upper Intake Level

Intakes far in excess of the RDA may also give rise to
health problems. A relatively recent innovation in Die-
tary Reference Values (DRVs) is the tolerable or safe up-
per intake level (UL) for a nutrient. The UL is the highest
level of chronic nutrient intake that is likely to pose no
risk of adverse effects on health to almost everyone in
the population. As chronic intake levels rise above the
UL, adverse effects may increase.44 The functional crite-
rion or adverse effect used as a basis for setting the UL is
observed at a level usually at least a magnitude or
greater than the RDA or AI.

A risk assessment model is applied to available data
of the intake levels at which the adverse effect occurred
or at lower levels at which no adverse effect was noted.44

Unfortunately, so few data reporting adverse effects are
available at present that ULs cannot be set for a number
of nutrients. However, lack of a UL does not mean that
the risk of adverse effects does not exist from higher in-
takes. Although the magnitude of the uncertainty factor
applied to the available data takes into account the seri-
ousness of the adverse effect when setting the UL, the
severity or seriousness of the adverse events associated
with exceeding the UL may vary from one nutrient to
another. Finally, from a technical standpoint, unlike the
EAR, the UL cannot be manipulated statistically and
thus is limited to serving as a reference value when
providing guidance for consumers.

An online interactive tool that provides current DRIs
for Canada and the United States is available at http://
ods.od.nih.gov/health_information/dietary_reference_
intakes.aspx.

B. Dietary Reference Values Developed for the
European Union

Until recently, several countries in the EU had set
their own NIVs, which made assessments of dietary ad-
equacy and planning between European countries
confusing and difficult. EFSA is now responsible for
setting NIVs, referred to as DRVs. In 2005, the European
Commission requested EFSA to review and update the
previous 1993 DRVs for nutrient and energy intakes
established by EFSA’s predecessordthe Scientific

Committee on Food (SCF). In 2006, EFSA published a
report describing the adverse health effects of high
vitamin and mineral intakes and establishing UL for
seven vitamins and nine minerals. This report also con-
tained ULs previously determined by SCF.16

In 2010, EFSA published its opinion on the principles
for deriving and applying the DRVs.5 The agency subse-
quently published individual scientific opinions on
energy, protein, carbohydrates, dietary fiber, fat and its
components, and water (2009e12); on 14 vitamins and
13 minerals (2013e17); and on sodium and chloride
(2019). This process also updated the ULs for a few nu-
trients and population groups.15

The European DRVs are derived using a similar range
of concepts as the DRIs for the United States and Canada
as shown in Tables 15.1 and 15.2. The major difference is
the use of the Population Reference Intake (PRI) in place
of RDA and the reference intake range for macronutri-
ents (RI) instead of the AMDR. Since nutrient require-
ments vary among individuals, the distribution of
nutrient intakes to meet these requirements is given
for half the people in a population group as the AR
and for nearly all (97.5%) in a population group as the
PRI. When individual requirements can be assumed to
be normally distributed in a population, the PRI is calcu-
lated as the AR plus twice its SD. However since the SD
for a particular nutrient is rarely known, a default is then
used. In the absence of sufficient scientific evidence and
data to determine an AR for a nutrient, an AI similar to
its DRI counterpart or an RI may be established as
appropriate.

EFSA’s scientific opinions for each nutrient are pub-
lished online and brought together in a virtual issue of
the EFSA journal.15 EFSA completed its development
and review work in 2019 with final publications of opin-
ions on sodium and chloride for which a composite term
was adopteddsafe and adequate intake.

An online interactive tool is available at https://
www.efsa.europa.eu/en/topics/topic/dietary-reference-
values.

Given the current interest in dietary sugars, EFSA
agreed in 2017 to a request from five member states to
update its previous 2010 scientific opinion on DRVs for
carbohydrates and dietary fiber.15 EFSA had previously
found insufficient data on which to establish a UL for to-
tal or added sugars. In its new work, EFSAwill consider
whether a UL can be established for total or added or
free sugars as defined below:

• Total sugars: the monosaccharides glucose, fructose,
and galactose and the disaccharides sucrose, lactose,
maltose, and trehalose present in foods;

• Added sugars: sugars used as ingredients in
processed and prepared foods and sugars eaten
separately or added to foods at the table; and
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• Free sugars: added sugars plus sugars naturally
present in honey, syrups, fruit juices, and fruit juice
concentrates.

The protocol to guide the sugars assessment was pub-
lished in 201845 and the updated scientific opinion is
planned for completion in 2021. Fig. 15.2 shows the step-
wise process intended to be followed.

C. Nutrient Reference Values Developed for
Australia and New Zealand

Australia and New Zealand jointly publish NIVs
called Nutrient Reference Values (NRVs), which are
derived in a manner similar to that given for the United
States. and Canada.4 As a result, many NRVs given as
EARs and RDIs (instead of RDA above) have the
same or similar values as for the United States and Can-
ada. However, this is not the case for most AIs that are
based on population nutrient intake. An interesting and
helpful feature of the Australia and New Zealand NRVs
is the presentation of a summary of recommendations
to reduce chronic disease risk based on expert reviews
of the evidence. Suggested dietary targets (SDT) for
those aged 14 years and over, based mostly on 90th
percentile nutrient intakes in Australia and New Zea-
land, are provided for vitamins A, C, E, folate, sodium,
potassium, dietary fiber, and long-chain n-3 fatty acids.

AMDRs designed to reduce chronic disease risk while
also ensuring adequate nutrient intakes are given for
protein, carbohydrate, fat, linoleic acid, and a-linolenic
acid.

In 2017, the recommendation SDT for sodium to
reduce chronic disease risk was reviewed in the light
of the convincing relationship between sodium intake
and blood pressure.46 The new SDT recommendation
was revised from 1600 mg/day4 to 2000 mg/day based
on a new methodological review framework. The
highest average intake likely to pose no risk to the
general population, i.e., the UL, was also revised from
2300 mg/day4 to “not determined” because increased
sodium intake was associated with increased blood
pressure at all measured levels of intake within the
analyzed range from 1200 to 3300 mg/day. The AI for
sodium remains at 460e920 mg/day for adults to meet
basic requirements and allow for AIs of other nutrients,
but these levels may not apply to individuals who are
highly active on a daily basis to cover sweat and insen-
sible sodium losses.

D. Nutrient Intake Values Developed for Other
Countries

The Scandinavian countries have published Nordic
Nutrition Recommendations jointly for many years,
most recently in 2012.7 Many countries in the

FIGURE 15.2 Stepwise process to provide scientific advice on total/added/free sugars. From Protocol for the scientific opinion on the Tolerable

Upper Intake Level of dietary sugars [Ref. 45]. [© 2018 European Food Safety Authority. EFSA Journal published by John Wiley and Sons Ltd on behalf of
European Food Safety Authority. This is an open access article under the terms of the Creative Commons Attribution-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited and no modifications or adaptations are made.].
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developing world use NIVs published by FAO/WHO
(see next section) or adopt NIVs from nearby neigh-
boring countries having similar populations and cir-
cumstances. Some countries have established their
own NIVs, based in part on data from their countries
and in part on data from one or more of the countries
discussed above. China published its NIVs, called
DRIs, in 2013, but only for national use. There are also
efforts to harmonize values in regions such as Southeast
Asia.47

E. Nutrient Intake Values Developed by FAO
and WHO and With UNU

This section describes various jointly prepared or
single monographs issued by United Nations agencies
for international use. WHO/FAO expert consultations
reviewed evidence for dietary intake and diet-related
chronic disease over many years and in 2003 set popula-
tion nutrient intake goals for macronutrients and their
components (as % energy) and salt.41 In 2012, WHO
subsequently applied a new approach called WHO
Guidelines (see next section) to the development of die-
tary intake recommendations to reduce the risk of diet-
related chronic disease. WHO’s previous arrangement
of joint expert consultations with FAO and other interna-
tional collaborators for such dietary recommendations
then drew to a close.

Energy requirements (WHO-FAO-UNU)

Humans need energy for basal metabolism (resting
energy expenditure), for the metabolic response to
food, for varying levels of physical activity and growth,
for pregnancy and lactation, and also for special
circumstances such as energy expended with fever and
shivering thermogenesis accompanying exposure to
extreme cold.

A report from an expert consultation48 Recommen-
ded Energy Requirements based on improved data
for Total Energy Expenditure, defined as the energy
spent on average in a 24-hour period by an individual
or group. The report recommended that energy re-
quirements for populations with lifestyles involving
different levels of habitual physical activity should
diverge from 6 years of age and be expressed as multi-
ples of basal metabolism. PALs should be based on the
degree of habitual activity consistent with long-term
good health, the reduced risk of diseases associated
with sedentary lifestyles, and the maintenance of a
healthy body weight.

Protein and amino acids requirements (WHO-FAO-
UNU)

A report from an expert consultation on protein re-
quirements was released in 2007.49 The determination
of dietary requirements for protein and amino acids
used nitrogen equilibrium as the proxy measure of pro-
tein intake and losses.

Recommendations for safe levels of protein intake for
adult men and women were given by 10 kg body weight
increments. Adult amino acid requirements were given
in units of mg/kg body weight/day and mg/g protein.
Safe levels of protein intake were also provided for preg-
nancy by trimester and for lactation. For infants, chil-
dren, and adolescents, safe levels of protein intake
were given both per kg/day and per reference body
weight/day. A Tolerable Upper Limit (TUL) was not
identified for protein, although the report concluded
that, since intakes of three to four times the safe intake
could be consumed without obvious harm, the TUL
may be much higher than the value of twice the safe
intake assumed in previous reports.

The 2007 report also revised the amino acid scoring
pattern for adult maintenance and devised scoring pat-
terns for infant and child age groups from the adult
maintenance pattern and the amino acid pattern of tis-
sue protein.

Dietary protein quality evaluation (FAO)

An important aspect in developing countries is pro-
tein quality. An expert consultation on protein quality
evaluation in 201350 reviewed the previously recom-
mended Protein Digestibility Corrected Amino Acid
Score (PDCAAS) method for evaluating protein quality
and recommended that PDCAAS be replaced with a
new protein quality measuredDigestible Indispensable
Amino Acid Score (DIAAS). The report also recommen-
ded that different reference protein amino acid scoring
patterns be used in calculating DIAAS applicable to pro-
tein intended for different age groups; that amino acids
be treated as individual nutrients in dietary protein eval-
uation; and, wherever possible, that data for digestible
amino acids be given in food tables on an individual
basis.

Two scoring patterns were recommended for regu-
latory purposes: the amino acid composition of hu-
man milk for infant formulas and a pattern for
young children (6 months to 3 years) for all other foods
and population groups. Recognizing that available data
are insufficient to support the application of the new
method in practice, the report called for more data on
the true ileal amino acid digestibility of human foods.
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Carbohydrates (FAO and WHO)

A scientific update of some of the key issues in the
FAO 1998 report on carbohydrates in human nutrition51

was released in 2007.52 It provided an improved defini-
tion of dietary fiber, recommending that it be based on
well-established health benefits and the ability to fulfill
regulatory requirements. The experts went further and
proposed that dietary fiber be defined as intrinsic plant
cell wall polysaccharides and thus the methods of anal-
ysis should be such as to accommodate this definition.
The scientific update also endorsed a previous recom-
mendation41 concerning the restriction of beverages
high in free sugars and the limitation of total intake of
free sugars to reduce the risk of overweight and obesity.

Fats and fatty acids (FAO)

The report of a 2008 joint FAO/WHO expert consulta-
tion on lipids53 emphasized the role of certain fatty acid
categories in maintenance of health. One example
related to the convincing role of long-chain polyunsatu-
rated fatty acids in neonatal and infant mental develop-
ment as well as a beneficial role in the maintenance of
long-term health and prevention of some chronic dis-
eases. A high intake of saturated fatty acids and to an
even greater extent TFAs was found to contribute sub-
stantially to adverse blood lipid changes and the devel-
opment of the cardiovascular diseases that are now a
main cause of adult death in developed and developing
countries. The WHO Scientific Update on TFAs 54
contributed substantially to this finding of the report.
The report also found no conclusive evidence support-
ing an association of TFAs from ruminant sources with
coronary heart disease risk due to the amounts usually
consumed.

Vitamins and minerals (FAO and WHO)

The last report of a joint FAO/WHOexpert consultation
on vitamin and mineral requirements held in 1998 was
published in two editions.10,55 The report contained NIVs
for 13 vitamins and 6 minerals including multiple NIVs
for iron and zinc based on differing levels of bioavail-
ability according to different local dietary patterns. These
NIVs were based on the available scientific evidence and
provided values for RNIs (similar to RDAs), although dif-
ficulties in data interpretation resulted in some issues
remaining unresolved. Average requirements were dis-
cussed only in the text, and some values based on dietary
intakes were classified as RNIs. Subsequently, a frame-
work for establishing upper levels of intake of nutrients
and related substances17 using an internationally appli-
cable approach (or “model”) for a scientifically sound pro-
cess of nutrient risk assessment was developed.

F. WHO Guidelines

WHO has developed Guidelines on nutrient intake
recommendations since 2012 in accordance with the
WHO Handbook for Guideline Development.56 WHO
defines its Guidelines as “any document containing rec-
ommendations about health interventions whether they
are clinical, public health or policy recommendations.”
WHO adopted the Grading of Recommendations
Assessment, Development and Evaluation (GRADE)
57 approach to assess the quality of the evidence base
and to develop and report recommendations. This
approach aims to ensure that the Guidelines are free
from bias, meet a public health need, and are consistent
with established principles. The steps in the Guideline
procedure are shown in Box 15.1.

B O X 1 5 . 1

WHO Guidelines Development56

The steps in the Guidelines procedure are

• identification of priority questions and outcomes
• retrieval of evidence
• assessment and synthesis of the evidence
• formulation of recommendations
• identification of research gaps
• planning for dissemination, implementation, impact evaluation, and updating of the guideline.

Recommendations are classified either as strong or conditional. A strong recommendation indicates confi-
dence that the desirable effects of adherence outweigh the undesirable consequences and means that it
can be adopted as policy in most situations. A conditional recommendation indicates less certainty about
the balance of benefits and harms or disadvantages so that policy debate and stakeholder consultation
should first be undertaken.
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WHO Guidelines for sodium intakes for adults and
children

Guidelines for sodium and potassium were both
based on a review of the evidence related to the health
effects of several described changes in sodium or potas-
sium intake, including intakes below or above certain
thresholds.11,12 The Guidelines concluded that reducing
sodium intake significantly reduced systolic and dia-
stolic blood pressure in adults and children. An increase
in potassium intake was found to result in the same out-
comes. WHO thus made a strong recommendation to
reduce blood pressure to decrease the risk of cardiovas-
cular disease, stroke, and coronary heart disease in
adults by reducing sodium intake to less than 5g salt
(2g sodium)/day. WHO similarly strongly recommen-
ded increasing potassium intake from food to at least
90 mmol/day (3510 mg/day) to achieve the same health
outcomes. Another strong recommendation was made to
prevent adverse changes in blood pressure in children
by adjusting the adult sodium Guideline amount down-
wards based on relative energy requirements. However,
for potassium, only a conditional recommendation was
made for children to increase intake for the same reasons
and in the same manner.

WHO Guidelines for sugar intake for adults and
children

The sugars Guideline13 reviewed the evidence relating
to the health effects, including dental caries and changes
in body weight, of several described changes in intake of
free sugars, both qualitative directional changes and
intakes below two thresholds. The Guidelines made a
strong recommendation to reduce free sugars intake
throughout the life course to less than 10% of total energy
intake based on moderate quality evidence from observa-
tional studies of a relationship between free sugars and
dental caries. A second conditional recommendation was
made to further reduce free sugars intake to less than 5%
of total energy for all groups to minimize the lifelong
risk of dental caries based on very low evidence from
ecological studies.

G. Examples of International Variation

Tables 15.3 and 15.4 present examples of the numeric
variation in NIVs from current international, regional,
and binational sources. Some of this variation may
reflect the needs of different populations or dietary pat-
terns or other local factors. Other aspects of the variation
may be due to maturity of the evidence base at the time
the recommendations were made.

Another practical difference among sets of NIVs is the
age range classifications. For example, in its most recent
publications, WHO set adult age ranges of 19e65 years
for males and 19e50 and 51e65 years for females,

whereas IOM set an adult age range for each sex of
19e30, 31e50, and 51e70 years, and EFSA set �18 years
for most nutrient with the balance of nutrients in two
age groups 18e24 and � 25 years or other divisions as
appropriate for males and females.

H. Food Labeling: Use of Nutrient Reference
Values and Daily Values

Many countries and the Codex Alimentarius14 have
derived NRVs for food labeling purposes from either
their own or various sets of NIVs. NRVs are listed in
food standards to enable food manufacturers to declare
the nutrient content of their food as a percent of the rele-
vant NRVs. This label information then allows con-
sumers to interpret the nutrient content of a food
portion in terms of its contribution to a healthy nutrient
intake.

Because foods are generally available to the popula-
tion at large and food labels have limited space, and
since there are multiple NIVs for a single nutrient ac-
cording to age and sex, a process is used to derive one
NRV that represents the requirements of most of the
population. A common approach is to use NIVs for
adultsdeither males only or the average of males and
females. If NIVs are given for narrow age ranges within
adulthood, the NRV may be a composite of more than
one age range. Adult NIVs are usually selected to repre-
sent the population at large since NIVs for children aged
over 4 years are usually within 80% of the adult value.

Codex Alimentarius, an international foods
standards-setting body under the auspices of FAO and
WHO, has established guidelines on nutrition labeling
for use internationally.14 These guidelines provide for

TABLE 15.4 Selected NIVs representing protein, vitamin, and
mineral requirements of nearly all 19 years old
males.

Nutrient FAO/WHO (RNI)10 EFSA (PRI)15 IOM (RDA)3,33e36,38

Vitamin A 600 mg (RE) 750 mg (RE) 900 mg (RAE)

Vitamin C 45 mg 110 mg 90 mg

Vitamin E 10 mg a-TE 13 mg a-toc 15 mg a-toc

Folate 400 mg (DFE) 330 mg (DFE) 400 mg (DFE)

Calcium 1000 mg 1000 mg 1000 mg

Iron 9.1e27.4a mg 11 mg 8 mg

Magnesium 260 mg 350 mg 400 mg

Selenium 34 mg 70 mg 55 mg

Zinc 4.2e14b mg 9.4 mg 11 mg

DFEs, dietary folate equivalents; RAEs, retinol activity equivalents; RE, retinol

equivalents.; a-TE, alpha-tocopherol equivalents; a-Toc, alpha-tocopherol.
aRange includes values for four bioavailabilities.
bRange includes values for three bioavailabilities.
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nutrient amounts declared on food labels to be
expressed in metric units such as milligrams and/or as
a percent of the NRV. Codex has recently reviewed
and extended the list of NRVs in its nutrition labeling
guidelines. In so doing, Codex established two types
of NRVsdNRV-R (requirement) for protein, 13 vitamins,
and 10 minerals and NRV-NCD (noncommunicable dis-
eases) for saturated fat, sodium, and potassium. Codex
derived relevant NRVs-R from the INL97.5 rather than
the average requirement; NRVs were also derived
from AIs when INL97.5 values were unavailable or
unsuitable. The three NRVs-NCD58,59 were respectively
based on recommendations for saturated fat from
WHO41 and FAO53 based on an energy intake of
2000 kcal (w8.4 MJ) and theWHO guidelines on sodium11

and on potassium.12

The many years of work by the Codex Committee on
Nutrition and Foods for Special Dietary Uses to update
the Codex NRVs-R for the general population was docu-
mented by FAO andWHO in a report about Codex’s role
in nutrition labeling that included a detailed record of
the most recent update of the NRVs-R.60 Codex is now
developing NRVs-R for older infants and for young chil-
dren for use on foods for the special dietary use of those
two age groups.

In the United States and Canada, DRIs have been the
basis for the Daily Value (DV), a percent of which is dis-
played on food labels. Since newer DRIs are now
available, they have been used to update the DVs on
food labels.61 Prior to the update, many DVs were based
on the 1968 RDAs of the United States, while in
Canada, the label values were based on the Canadian
RNIs. In the United States, there was debate about
whether the RDA or the EAR should be used in food

labeling,62,63 with the adult RDA or AI chosen as the
basis of the 2016 revision of the DVs for the United States.

IV. ISSUES SPECIFICALLY RELATED
TO NUTRIENT INTAKE VALUES

A. Need for Further Harmonization of NIVs

Evidence-based NIVs are very expensive to develop
and therefore there is good reason to harmonize the pro-
cess globally whenever possible.

Terminology

In the 10 years since the 2007 proposal to internation-
ally harmonize terminology and approaches,1 advances
have been made to adopt the recommended terminol-
ogy in Codex nutrition labeling guidelines14 but not at
the national or regional level. In 2017, international
agencies and the US government64,65 explored the evi-
dence for achieving global harmonization of methodo-
logical approaches to establishing NIVs which built on
the prior work. The reasons identified for a lack of
further harmonization include those set out in Box 15.2.

In looking forward to the concept of a possible global
consultative group on NIVs, a recent meeting concluded
that FAO/WHO could convene a reference group to
serve as a resource for countries.64 Special data needs
of particular regions or countries were recognized in
setting their own NIVs that related to food composition,
dietary surveys, bioavailability, and health status. All
participants agreed there was still a clear need to fill
knowledge gaps and improve the science on which to
derive NIVs.64

B O X 1 5 . 2

Reasons for Lack of Further Harmonization64,65

The reasons include

• reluctance to accept global harmonization or lack of access to information on harmonization
• confusing terminology
• lack of resourcesdnot just funding but also scientific interest and political acceptability (e.g., because of

trade implications)
• lack of data in some countries or populations
• lack of openness, or sharing, of data, technology, and results because of legal or political constraints
• lack of clarification around uncertainties of recommended values
• difficult decisions about inclusion versus exclusion of evidence when setting recommendations
• different endpoints or criteria chosen among countries and regions
• differences in the updating of recommendations
• difficulties in bringing existing methodologies together from different regions or countries.
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A major challenge today is that the ANR (EAR) and
UNLs (UL) for some nutrients are not comparable be-
tween countries. The variations reflect different studies
reviewed, criteria for inclusion and exclusion, differ-
ences in interpretation of the evidence, rationales for
selecting specific studies to support recommendations,
and subjective judgments. NIVs such as the ANR are
designed to describe human nutrient requirements
and, with adjustments for factors as body size and
environmental circumstances, they should be useful
globally.64 The UNLs (UL) also should be broadly
applicable.

In order to encourage global harmonization, termi-
nology should also be standardized. It is also important
to refine the terminology and use of NIVs expressed as
percent of energy, usually related to CDRR. These
NIVs for a population are not the same as goals set for
individuals because the target for the population de-
pends on the distribution of intakes within the popula-
tion. For example, if an NIV is set at <5% energy such
as theWHO conditional guideline for sugars, the recom-
mendation should state the proportion of the population
to which the NIV applies, most likely either as a mean
intake value or applicable to nearly all individuals.
This fact is widely misunderstood in formulating guide-
lines and targets and needs to be addressed. NIVs
should be used transparently when determining coun-
tries’ food-based dietary recommendations.33

Processes and procedures for setting NIVs

Global harmonization should also involve the stan-
dardization of core processes and methods for deter-
mining many of the NIVs.64 Procedures needing
refinement for setting NIVs include the choice of data,
the transparency of decisions, and scientific evaluation
methods employed. Developing values for children
include all of these issues as well coping with lack of
data and its own unique set of problems.65

Use of systematic reviews and expert committees; This is
exemplified by the process currently used by the IOM
for the United States and Canada to set DRIs. Critical
questions are posed, which are then addressed by sys-
tematic evidence-based reviews of the literature. The
reviews are done by informatics experts who ensure
the completeness of the search and who are assisted by
content experts. The systematic reviews are then
provided to an expert committee that reviews the data
and other evidence and sets the final values. The
process relies heavily on funders (usually the United
States Government and Health Canada). Systematic
reviews are expensive and time consuming, and yet, to
improve the quality of the derivation of NIVs and
guidelines, they must be funded by the public sector.

Currently private funding is not considered to be
acceptable. Further refinements needed in the DRI
process have been summarized.66

Predefined analytical networks; predefined analytical frame-
works are useful in clarifying systematic review ques-
tions. Fig. 15.3 illustrates one framework for considering
them.

Dealing with values not amenable to harmonization

Some NIVs are less amenable to global harmonization
than others. Factors involving culture, food composi-
tion, bioavailability, health status or economics, or other
issues have a much greater influence on establishing
values such as the AI, which is based more often on
usual intakes rather than on a specific biological need,
and the AMDR, which is based on epidemiological
data gathered in specific countries.67 Adoption of these
values would likely not be appropriate outside of the
country or region in which they were derived unless
similar conditions applied elsewhere. Countries or re-
gions may also have special needs related to the above
factors that would affect the estimation and use of
values such as the AI and AMDR in designing food
assistance programs and other applications.

It is also important to clarify the influence on some
nutrient requirements of diet and host-related factors
that vary among countries. For example, habitual diets
differ greatly from one country to another and affect
the bioavailability of many micronutrients, including
protein, calcium, magnesium, iron, zinc, folate, vitamin
A, and carotenoids. Host-related factors may also vary
from one country to another and affect bioavailability
and thus nutrient requirements. They comprise intesti-
nal factors (e.g., secretion of hydrochloric acid, gastric
acid, or intrinsic factor; other alterations in the perme-
ability of the intestinal mucosa) and systemic factors
(host, age, sex, ethnicity, genotype, and life stages such
as pregnancy and lactation, as well as chronic and acute
infections). Such factors all may influence estimates of
dietary requirements and may necessitate country-
specific recommendations that take them into account.68

Recent developments toward international
harmonization

Following recent publications64,65 on global harmoni-
zation of methodological approaches for NIVs,
researchers in the United States developed 26 ANRs
(H-AR) for protein, vitamins, and minerals and
19 UNLs (H-ULs) for vitamins and minerals for all age-
sex groups and life stages.69 These values were compiled,
as an interimmeasure, from either US/Canadian DRIs or
European DRVs, with priority given to more recent
values. Where both sources established only AIs for the
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same nutrient, H-ARs were calculated assuming a CVof
12.5%. i.e., H-AR ¼ AI/1.25. The authors indicated the
lower certainty of these values by italicizing the results
and noted the prevalence of inadequacy may be overesti-
mated when such values are used. The harmonized NIVs
are particularly intended for international or regional
agencies undertaking population nutrient intake assess-
ments in global or regional contexts.

B. NIVs for Chronic Disease Risk Reduction

NIVs for chronic disease are not warranted unless
sufficient evidence exists. There is great interest in
using chronic disease endpoints as functional criteria
for setting such NIVs, but there are so many data gaps
that it has not proven possible to do so for any micronu-
trients, including calcium.23 The US/Canada AMDRs
were set using chronic disease endpoints derived from
epidemiological data; they were not based on experi-
mentally determined data. Thus, the standards of evi-
dence for setting the AMDRs were far less rigorous
than those used for estimating micronutrient needs.

Causal inference is more difficult with chronic disease
endpoints for several reasons. First, most of the data
comes from observational studies rather than random-
ized clinical trials. Second, chronic diseases are

multifactorial in their causation. Third, not everyone in
the population is at risk for some chronic diseases, while
all humans have requirements for the same nutrients.
Also, it is unlikely that a threshold exists at which there
is zero risk for chronic disease, and intake (dose)e
response relationships may be different from those
characterizing nutrient requirements. For example, the
issues of overlapping recommendations are complex,
where optimal intake levels for minimizing risk of one
chronic disease may differ from those for another
disease or where optimal intake levels that are beneficial
for one population subgroup may be harmful for other
subpopulations (see Ref. 19, Chapter 7 and Ref. 64 for
in-depth discussions of these issues).

The 2017 NASEM report19 also recommended that
analytically validated surrogate markers could be consid-
ered instead of outcomes if they were on the causal
pathway for disease pathogenesis, were significantly
associated with the chronic disease of interest in the
target population, and were changed by a nutritional
intervention in which a substantial proportion of the
change was attributed to that intervention. If all these
criteria were met, then findings from surrogate markers
could be used as supporting information for results based
on the chronic disease in question. A GRADE score of at
least moderate certainty would constitute an acceptable

FIGURE 15.3 Concepts, methods of using NIVs, and applications of ANRs, INLx, and UNL. Adapted from King and Garza, Food and Nutrition

Bulletin, 28:S1-12, 2007.
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level of confidence that the nutrientedisease relationship
was causal.57 It was desirable to have a single marker on
the causal pathway and to specify the dose (intake)e
response relationships between the nutrient and the
chronic disease. Moreover, it was recommended that
dose (intake) response data should be extrapolated only
to populations similar to studied populations with similar
underlying factors related to the chronic disease of inter-
est. These recommendations were followed in establish-
ing the CDRR value for sodium and in the decision to
not establish a CDRR value for potassium.8

C. NIV Data Gaps

Available data at all life stages

Gaps in requirement data are quite large for some
ages and life stages, especially for very young infants,
older infants, young children, and the very old, and
these must be filled for use in program plans and pol-
icy development. When data are lacking, extrapolation
and interpolation must be used, introducing uncer-
tainty. Although the needs for further research are usu-
ally mentioned in committee recommendations, once
reports are issued, the research agenda tends to be
neglected. When the time comes to update recommen-
dations, the relevant research may still not be avail-
able. Doseeresponse data rarely exist for these and
other age and sex or life stage groups. There is little
coordination between countries in developing a
research plan to fill the gaps in data that exist. Efforts
now being made to synthesize research needs in a sys-
tematic way, and to call the attention of researchers to
them, should help to move the process forward in the
future.70

Reference values for special subgroups

Some subgroups within the population such as those
with certain diseases or single or multiple gene defects
causing inborn errors of nutrient metabolism have
special nutrient needs. A framework for developing
nutrient recommendations for them is also needed.71

Recommendations for nonnutrient bioactive food
components

There are many constituents in food that are typically
not classified as nutrients but may have beneficial bio-
logical effects. Aside from dietary fiber, consumption
recommendations for them are lacking. There is a need
to develop standards for evaluating safe levels of
consumption and potential efficacy. A conceptual frame-
work for developing recommendations for dietary
bioactive components in food such as polyphenolics is
needed.

Risk assessment methods to support UNL reference
values

TheUNLs have been set by various groups on the basis
of relatively scanty data, with functional criteria that are
sometimes not considered clinically meaningful, and
they are difficult to manipulate statistically. A WHO/
FAOmodel for nutrient risk assessment for more rigorous
establishment of ULs was published,17 and recommenda-
tions for improving the process of establishing chronic
disease DRIs (NIVs) for nutrients or other food substances
(NOFSs) have been made.19 Based on the NASEM 2017
report that recommended that ULs be only established
based on nonchronic disease endpoints,19 no ULs were
established for either sodium or potassium.8

Updates of NIVs

Meaningful triggers for revising and updating NIVs
should be adopted to determine when a new review
should be conducted. Until recently, countries have usu-
ally updated their set of NIVs in one review. This is
expensive, time consuming, and means that only a few
experts can be engaged to deal with each nutrient.
Recently, selective updating has become popular. It
is triggered when indicators show that a substantial
amount of new data regarding requirements exists,
which may lead to improved values. Selective updating
also permits greater focus on nutrients of public health
significance at a given time. Focusing on only a few nu-
trients makes it possible to have more expertise on tar-
geted nutrients on scientific advisory committees and
may permit the preparation of systematic evidence-
based reviews that would be too costly to do for many
nutrients simultaneously. Given the costs involved,
transparent processes for selecting the nutrients to be
evaluated are needed.

Linking personalized nutrition and functional criteria
using new genetic findings

The idea of establishing nutrient recommendations
based on an individual’s nutrient needs as generated
by profiling the different single-nucleotide polymor-
phisms (SNPs) involved in nutrient metabolism has
been proposed for minimizing DNA damage and to
maximize genomic and ultimately human health, and
guidelines have been proposed to evaluate their valid-
ity.72 Also of interest is whether SNPs that create meta-
bolic inefficiencies are distributed by race and ethnicity
so that certain large populations are differentially
affected. If so, needs for certain nutrients and NIVs for
specific population groups might be quite different.
While it may be possible to know if this is the case in
the future, at present there is little consensus on the
nutrient needs and chronic diseaseerelated implications
of various SNPs.
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D. Appropriateness of Applications in Dietary
Assessment and Planning

Over the past decade, techniques for estimating usual
intakes and using NIVs for assessment and planning
have become available.73 They have been put to use in
many studies of dietary adequacy in the United States,
Canada, and elsewhere. Because the methods are
relatively new, those who apply them need to be wary
of pitfalls that can occur in assessing individuals and
groups.30,74,75 It is important that editorial boards of sci-
entific journals refine their publication standards to insist
that appropriate statistical analytic methods be used for
dietary assessment and planning. The quality of surveys
used for assessing nutrient adequacy varies, which may
affect the results obtained.76 One problem is in deter-
mining whether the NIV is flawed in its criterion of
adequacy or if a true deficiency exists in a portion of
the population. For example, in the United States, the
diets of most adults (72% of men and 85% of wom-
en > 18 years of age) were inadequate in vitamin E ac-
cording to 2013e16 intake data from the What We Eat in
America, National Health and Nutrition Examination Sur-
vey40 and yet no known adverse clinical or functional
effect seems to be present. Such findings should trigger
additional study of the data used to develop reference
standards to determine whether or not adjustments
need to be made.

E. RiskeBenefit Assessments

The assessment of the public health burden of nutri-
tional recommendations may include a riskebenefit
assessment to determine the risk of inadequacy of low
intakes using the ANR and the risks of adverse
effects at high intakes using the UNL for the same
nutrient. This is particularly important for regulators
when assessing the potential impact of food fortification
on the extent to which nutrient inadequacy may be
improved while also not increasing excess nutrient
intakes for the different population age-sex groups.

F. Status of Efforts to Improve NIVs

In conclusion, progress in harmonizing NIVs
worldwide has been considerable over the past few
decades, and it needs to continue. In the future, it
will be helpful to encourage more consultation and
collaboration internationally among the various rele-
vant bodies. The goal should be to improve objectivity
and transparency and address the many variations in
NIVs that are not grounded in real biological differ-
ences, but in differences in interpretation, methodol-
ogy, and terminology. One first step is to synthesize
research needs on NIVs and to address them collabo-
ratively, as recommended in an IOM workshop on
DRI research needs.70

RESEARCH GAPS

• Gaps in data for requirements of young and older infants, young children, and the very old
• Gaps in data on doseeresponse for NIVs for most sex/age/life stage groups
• Clinically meaningful functional criteria for setting ULs and better statistical methods for establishing the

ULs
• Functional criteria for chronic disease NIVs
• Framework for NIVs for specific population groups and subgroups with certain diseases or gene defects

causing special nutrient needs including derived from SNP information
• NIVs for bioactive food constituents other than nutrients
• Improved riskebenefit assessments
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SUMMARY

This chapter primarily addresses nutrition-related labeling policies in the United States of America (USA)
and provides a limited overview of international policies. The policies covered in this chapter include
mandatory and optional nutrition label information in specified formats and optional nutrition-related
label claims. Nutrition labeling is required in the USA for most food products, and most of the policy
detail provided in the chapter is for conventional foods in the USA. Dietary supplements are discussed in
Volume I, Chapter 35. Since in the USA they are a regulatory subset of foods, this chapter also briefly
addresses US nutrition labeling requirements for dietary supplements.

Keywords: Dietary guidelines; DRVs; DV; FDS; FSIS; Nutrition; Nutrition facts label; Nutrition-related claims;
RDIs.

I. REQUIREMENTS FOR NUTRITION
LABELING IN THE USA

A. Introduction

Both the Food and Drug Administration (FDA), in the
Department of Health and Human Services (HHS), and
the US Department of Agriculture’s (USDA) Food
Safety and Inspection Service (FSIS) are public health
regulatory agencies that assure that foods under their
respective jurisdictions are safe, wholesome, and accu-
rately labeled. FDA-regulated products, which include
cereal/grain, fruit, vegetable, dairy, seafood, and other
food categories, and products made of these, account
for about 20 cents of every dollar spent by US consumers
and about 75% of the US food supply.1 FSIS has jurisdic-
tion over about 25% of the food supply, primarily meat,
poultry, and processed egg products, and products
made from these, and the inspection of catfish.

As part of their missions, both the FDA and FSIS
regulate food labeling, including nutrition labeling,
andmore or less have identical requirements for declaring
nutrition information. In some cases, such as with health

claims and structure function claims, FSIS defers through
policy to FDA regulations. Where there are minor differ-
ences between the two agencies’ policies, FSIS generally
accepts nutrition labeling that is consistent with FDA re-
quirements. This chapter’s focus is on requirements and
provisions that apply to food products regulated by
both agencies.

B. Basis for Nutrients Declared in Labeling

Dietary Guidelines for Americans recommendations

The Dietary Guidelines for Americans (DGA) is a Fed-
eral policy that guides policy makers, health profes-
sionals, and educators on recommendations to help all
individuals ages 2 years and older consume a healthy,
nutritionally adequate diet.2 The DGA is updated and
revised on a 5-year cycle. The information in the DGA
is used in developing Federal food, nutrition, and
health policies and programs and is the basis for nutri-
tion education resources designed for the public and
components of the HHS and USDA food programs.
The goal of the DGA is that, if followed (along with
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physical activity), the recommendations will contribute
to promoting health and helping to reduce risk of
chronic illnesses related to diet. Thus, among the areas
of scientific evidence that are evaluated to form the rec-
ommendations and the healthy eating patterns that
embody the recommendations is the latest research on
nutritionally adequate intakes of nutrients to promote
health.

FDA and FSIS nutrition labeling regulatory
requirements

The Nutrition Facts label, which is required on most
packaged foods under both FDA and FSIS jurisdiction
that are sold at retail, is a primary vehicle for implement-
ing the Dietary Guidelines. The Dietary
Guidelines consider, apply, and reinforce the Dietary
Reference Intakes (DRIs). DRI is the general term for a
set of nutrient-based reference values that are quantita-
tive estimates of nutrient intakes to be used for planning
and assessing diets for healthy people. DRIs expand on
the periodic reports called Recommended Dietary
Allowances (RDAs), which were first published by the
Institute of Medicine in 1941 (now the National
Academy of Medicine [NAM]). By assessing the latest
eating habits and patterns among Americans, each
edition of the Dietary Guidelines reprioritizes the
current nutrients of concern. FDA’s latest update to the
Nutrition Facts label regulations, which FDA finalized
in May 2016, considered the NAM’s DRIs used to form
the 2015e20 DGA nutrient intake recommendations
and nutrients of concern in setting nutrition labeling
requirements.3

Nutrients of concern are nutrients that are overcon-
sumed or underconsumed in current US dietary
patterns and are potentially a substantial public health
concern, according to the Dietary Guidelines policy.2

Data on nutrient intake, corroborated with biochem-
ical markers of nutritional status where available,
and association with health outcomes are all used to
establish a nutrient as a nutrient of concern. Undercon-
sumed nutrients, or “shortfall nutrients,” are those
with a high prevalence of inadequate intake either
across the US population or in specific groups or
segments of the population, relative to NAM-based
standards, such as the Estimated Average Require-
ments or the Adequate Intake. Overconsumed nutri-
ents are those with a high prevalence of excess intake
either across the general population or in specific
groups or segments, related to NAM-based standards

such as the Tolerable Upper Intake Level or other
expert group standards. The nutrients declared in
Nutrition Facts on food labels and in food labeling
are those identified in the Dietary Guidelines as nutri-
ents of concern. Thus, food label Nutrition Facts is an
important tool to help consumers make informed
food and beverage choices that reflect the recommen-
dations to consume more of the beneficial and less of
the negative nutrients of concern.

In addition to the mandatory nutrients declared in the
Nutrition Facts label that relate to nutrients of public
health concern, other nutrients may be voluntarily
declared on labels and in labeling, provided they adhere
to FDA and USDA regulatory requirements.

Mandatory and voluntary (optional) nutrients in
labeling

In May 2016, FDA published two final rules to update
nutrition labeling requirements. “Food Labeling:
Revision of the Nutrition and Supplement Facts Labels,”
established updated rules regarding the mandatory and
voluntary declaration of nutrients. The second rule
updated Reference Amounts Customarily Consumed
(RACCs) and addressed other issues related to deter-
mining serving sizes for use in nutrition labeling. All
labels applied to foods after January 1, 2021 must
comply with these revised requirements.3

The FDA final rules amended various aspects of FDA
labeling regulations for conventional foods (and dietary
supplements) to provide updated nutrition information
on the food label to assist consumers in maintaining
healthy dietary practices, consistent with current DGA
recommendations.4,1 The updated information is consis-
tent with current data on the associations between nutri-
ents and chronic diseases, health-related conditions,
physiological endpoints, and/or maintaining a healthy
dietary pattern that impacts current diet-related public
health conditions in the United States and corresponds
to new information on consumer understanding and
consumption patterns. Among several things, the final
rules update the list of nutrients that are required or
permitted to be declared and provide updated Daily
Reference Values and Reference Daily Intake values
that are based on current dietary recommendations
from consensus reports.

The FDA final rules on the Nutrition Facts label stated
that nutrition labeling information is to help consumers
make more informed choices to consume a healthy diet
and not intended for the clinical management of an

1US Federal regulations are compiled in the Code of Federal Regulations (CFR). The CFR is organized by numbered Titles; all FDA regulations

are in Title 21 (i.e., 21 CFR). Each CFR Title is subdivided into numbered parts; the FDA regulations relevant to food labels are in “Part 101—

Food Labeling” of Title 21 (i.e., 21 CFR 101). Each Part is divided into sections. Regulations pertaining to nutrition information on food labels

are in Section 9 of Part 101 (i.e., 21 CFR 101.9).
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existing disease. However, FDA said that it considered
the large proportion of the US population that is at
risk for chronic disease to be the primary target of the
Nutrition Facts label’s content and format. Simulta-
neously, FDA recognized in updating the rules on
declaring nutrients that there is not room on the label
for all information that may be related to maintaining
healthy dietary practices and that space constraints on
the label of most foods make it impractical to declare
all essential nutrients. FDA noted that having a large
amount of information on the label could interfere
with consumers’ abilities to use the information that
has the greatest public health significance and that,
given the amount and format of information that is
required on the label, limits to the voluntary information
on the label are necessary so that voluntary information
does not clutter the label, does not mislead, confuse, or
overwhelm the consumer, and does not take away
prominence of and emphasis on the required, manda-
tory information.

Mandatory nutrients; The Nutrition Facts label—the stan-
dard vertical format display with mandatory nutrients—
is shown in Fig. 16.1.5 Mandatory macro and micronu-
trients are required on labels for the purpose described
previously—to help consumers with informed decisions
about the nutritional components of foods to achieve

better and healthy eating patterns that are consistent
with dietary advice. Mandatory macronutrients include
total fat, saturated fat, trans fat, cholesterol, total carbohy-
drate, dietary fiber, total sugars/added sugars, and pro-
tein. Mandatory micronutrients include sodium, vitamin
D, calcium, iron, and potassium.

Voluntary/optional nutrients; US regulations allow volun-
tary declaration of additional micronutrients within
certain regulatory provisions. A Nutrition Facts stan-
dard vertical format display with voluntary nutrients
is shown in Fig. 16.2.6

C. The Basis for Declaring Nutrients—
Reference Values for Nutrient Intake
Needs: Daily Reference Values and
Reference Daily Intakes and the Consumer
Friendly “Daily Values”

Daily Reference Values and Reference Daily Intakes

DRVs and RDIs relate to the nutrient needs of the gen-
eral population 4 years old and above, with applications
to certain nutrients and population segments. Both refer-
ence values are developed by the NAM, in consensus re-
ports, as noted earlier. These values assist consumers in
interpreting information about the amount of a nutrient
that is present in a food and in comparing nutritional
values of food products. The general population DRVs
and RDIs are established for adults and children 4 or
more years of age, and subpopulation reference values
are established for infants through 12 months, children
1 through 3 years of age, and pregnant women and
lactating women. DRVs are provided for total fat, satu-
rated fat, cholesterol, total carbohydrate, dietary fiber,
added sugar, sodium, and protein, and RDIs are for di-
etary essential vitamins and minerals. RDIs, nomencla-
ture, and units of measure for nutrients established for
the mandatory and voluntary vitamins and minerals
that are essential in human nutrition are shown in
Table 16.17

DRVs, nomenclature, and units of measure are estab-
lished for the food components shown in Table 16.2.8

Daily Value

The declaration of nutrient amounts in the Nutrition
Facts—both mandatory and voluntary nutrients—
must be expressed in the units of measurement shown
in Tables 16.1 and 16.2 in the quantitative amount in a
labeled serving of the food or beverage, as well as the
percent of the Daily Value (DV) contributed.

FDA and FSIS nutrition labeling regulations have a
goal of making Nutrition Facts easy for consumers to
understand and use. To limit consumer confusion and
avoid having to list both “%DRV” and “%RDI” on

Calories 

Serving size        
8 servings per container 

Total Fat 8g 

Saturated Fat 1g

 Trans Fat 0g 

Cholesterol 0mg 

Sodium 160mg 

Total Carbohydrate 37g 

Dietary Fiber 4g 

Total Sugars 12g 

Includes 10g Added Sugars 

Protein 3g 

10% 
5% 

0% 
7% 

13% 
14% 

20% 

Vit. D 2mcg 10% Calcium 260mg 20% 

Iron 8mg 45% Potas. 240mg 6% 

The % Daily Value (DV) tells you how much a nutrient in
a serving of food contributes to a daily diet. 2,000 calories
a day is used for general nutrition advice. 

* 

• 

• 

2/3 cup (55g)

Amount per serving 

230
% Daily Value* 

Nutrition Facts

FIGURE 16.1 Vertical display with micronutrients listed side-by-
side.
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food labels, the regulations use a single term, i.e., DV, for
all nutrients. The “%DV” reflects the percentage of a
particular nutrient in one serving of a product, based
on the daily reference intake level (either DRV or RDI)
for that specific nutrient. The %DV helps consumers un-
derstand how the amount of a nutrient that is present in

a serving of a food fits into their total daily diet. Together
with the actual amount of nutrients in a labeled serving,
the %DVallows them to compare the nutritional value of
food products to build healthy eating patterns consistent
with the recommendations of the DGA.

D. Food Package Label Nutrition Information

A goal in devising the Nutrition Facts format was to
strike a balance between including as much nutrition in-
formation on the label as possible and overwhelming
consumers with too much information. Another goal
was to ensure that there is uniformity of nutrition infor-
mation among food labels in order to facilitate compar-
isons among different foods. To achieve these goals,
FDA has compulsory regulations for the Nutrition Facts
format that dictate a uniform appearance, content, size,
and placement on the food label. Only material pre-
scribed by the nutrition labeling regulations is permitted
within the Nutrition Facts panel. The Nutrition Facts
regulations are in 21 CFR 101.9.9 Some of the major
Nutrition Facts revisions in the 2016 update were

• Increase the prominence of calories
• Define dietary fiber for nutrition labeling purposes
• Include added sugars as a declared nutrient
• Revise which vitamins and minerals must be

declared
• Revise DVs to reflect current recommended dietary

levels
• Revise RACCs to reflect current consumption

patterns

Nutrition Facts vertical format components

The standard appearance of the Nutrition Facts is as a
vertical rectangular box, with the box enclosed in a hair-
line border. There are alternatives to the vertical format
that can be used to accommodate a unique package
shape or small size (e.g., tabular format and linear
format) or to accommodate a food of minimal nutrient
content (e.g., simplified format). The Nutrition Facts
panel must be placed to the immediate right of the front
of a food package (known as the principle display
panel), when the package size allows. The information
within the box is of a single dark color set on a white,
or other neutral color, uniform background. Letters are
to be of a single sans serif type style, with lower and up-
per case, and with bolding and type size as specified by
regulation. There are five sections of the vertical format
Nutrition Facts, each separated from the next by
horizontal lines that are specified as a heavy bar (7-
point rule), a medium bar (3-point rule), or hairline (1/
4-point rule). The six sections are Heading, Serving
size information, Caloric information, Macronutrients
content, Vitamin and mineral content, and Footnotes.

Nutrition Facts

Calories 140
Total Fat 1.5g 

Saturated Fat 0g

 Trans Fat 0g 

Polyunsaturated Fat 0.5g 

Monounsaturated Fat 0.5g 

Cholesterol 0mg 

Sodium 160mg 

Fluoride 0mg 

Total Carbohydrate 22g 

Dietary Fiber 2g 

Soluble Fiber <1g 

Insoluble Fiber 1g

 Total Sugars 9g 

Includes 8g Added Sugars 

Protein 9g 

2% 
0% 

0% 
7% 

8% 
7% 

16% 
18% 

Vitamin D 2mcg (80 IU) 

Calcium 130mg 

Iron 4.5mg 

Potassium 110mg 

Vitamin A 90mcg 

Vitamin C 9mg 

Thiamin 0.3mg 

Riboflavin 0.3mg 

Niacin 4mg 

Vitamin B6 0.4mg 

Folate 200mcg DFE
(120mcg folic acid) 

Vitamin B12 0.6mcg 

Phosphorus 100mg 

Magnesium 25mg 

Zinc 3mg 

Choline 60mg 

10% 

10% 

25% 

2% 

10% 

10% 

25% 

25% 

25% 

25% 

50% 

25% 

8% 

6% 

25% 

10% 

% Daily Value* 

Serving size  3/4 cup (28g)
17 servings per container 

Amount per serving 

Calories per gram:
Fat 9     •     Carbohydrate 4     •      Protein 4 

The % Daily Value (DV) tells you how much a nutrient in
a serving of food contributes to a daily diet. 2,000 calories
a day is used for general nutrition advice. 

* 

FIGURE 16.2 Vertical display including some voluntary nutrients.

Section B. Nutrition Monitoring, Measurement, and Regulation

16. NUTRITION IN LABELING292



TABLE 16.1 Mandatory and optional vitamins and minerals.

RDI

Nutrient Unit of measure

Adults and children ‡4
years

Infantsa through

12 months

Children 1 through 3

years

Pregnant women and

lactating women

Vitamin A Micrograms RAEb

(mcg)
900 500 300 1,300

Vitamin C Milligrams (mg) 90 50 15 120

Calcium Milligrams (mg) 1,300 260 700 1,300

Iron Milligrams (mg) 18 11 7 27

Vitamin D Micrograms (mcg)c 20 10 15 15

Vitamin E Milligrams (mg)d 15 5 6 19

Vitamin K Micrograms (mcg) 120 2.5 30 90

Thiamin Milligrams (mg) 1.2 0.3 0.5 1.4

Riboflavin Milligrams (mg) 1.3 0.4 0.5 1.6

Niacin Milligrams NEe (mg) 16 4 6 18

Vitamin B6 Milligrams (mg) 1.7 0.3 0.5 2.0

Folatef Micrograms DFEg

(mcg)
400 80 150 600

Vitamin B12 Micrograms (mcg) 2.4 0.5 0.9 2.8

Biotin Micrograms (mcg) 30 6 8 35

Pantothenic acid Milligrams (mg) 5 1.8 2 7

Phosphorus Milligrams (mg) 1,250 275 460 1,250

Iodine Micrograms (mcg) 150 130 90 290

Magnesium Milligrams (mg) 420 75 80 400

Zinc Milligrams (mg) 11 3 3 13

Selenium Micrograms (mcg) 55 20 20 70

Continued
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TABLE 16.1 Mandatory and optional vitamins and minerals.—cont’d

RDI

Nutrient Unit of measure

Adults and children ‡4
years

Infantsa through

12 months

Children 1 through 3

years

Pregnant women and

lactating women

Copper Milligrams (mg) 0.9 0.2 0.3 1.3

Manganese Milligrams (mg) 2.3 0.6 1.2 2.6

Chromium Micrograms (mcg) 35 5.5 11 45

Molybdenum Micrograms (mcg) 45 3 17 50

Chloride Milligrams (mg) 2,300 570 1,500 2,300

Potassium Milligrams (mg) 4,700 700 3,000 5,100

Choline Milligrams (mg) 550 150 200 550

Protein Grams (g) N/A 11 N/A 71h

aRDIs are based on dietary reference intake recommendations for infants through 12 months of age.
bRAE ¼ Retinol activity equivalents: 1 microgram RAE ¼ 1 microgram retinol, 2 microgram supplemental b-carotene, 12 micrograms b -carotene, or 24 micrograms a-carotene or 24 micrograms b-cryptoxanthin.
cThe amount of vitamin D may, but is not required to, be expressed in international units (IU), in addition to the mandatory declaration in mcg. Any declaration of the amount of vitamin D in IU must appear in parentheses after the

declaration of the amount of vitamin D in mcg.
d1 mg a-tocopherol (label claim) ¼ 1 mg a-tocopherol ¼ 1 mg RRR-a-tocopherol ¼ 2 mg all rac-a-tocopherol.
eNE ¼ Niacin equivalents. 1 mg NE ¼ 1 mg niacin ¼ 60 milligrams tryptophan.
f“Folate” and “folic acid” must be used for purposes of declaration in the labeling of conventional foods and dietary supplements. The declaration for folate must be in mcg DFE (when expressed as a quantitative amount by weight in a

conventional food or a dietary supplement) and percent DV based on folate in mcg DFE. Folate may be expressed as a percent DV in conventional foods. When folic acid is added or when a claim is made about the nutrient, folic acid

must be declared in parentheses, as mcg of folic acid.
gDFE ¼ Dietary folate equivalents; 1 DFE ¼ 1 mcg naturally occurring folate ¼ 0.6 mcg folic acid.
hBased on the reference caloric intake of 2000 calories for adults and children aged 4 years and older and for pregnant women and lactating women.
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TABLE 16.2 Mandatory nutrients.

DRVs - Food Components

Food Component Unit of measure Adults and Children ‡ 4 years lnfants through 12 months Children 1 through 3 years

Pregnant women and lactating

women

Fat Grams (g) 78a 30 39b 78a

Saturated fat Grams (g) 20a N/A 10b 20a

Cholesterol Milligrams (mg) 300 N/A 300 300

Total carbohydrates Grams (g) 275a 95 150b 275a

Sodium Milligrams (mg) 2,300 N/A 1,500 2,300

Dietary fiber Grams (g) 28a N/A 14b 28a

Protein Grams (g) 50a N/A 13b N/Ac

Added sugars Grams (g) 50a N/A 25b 50

aBased on the reference caloric intake of 2000 calories for adults and children aged 4 years and older and for pregnant women and lactating women.
bBased on the reference caloric intake of 1000 calories for children 1 through 3 years of age.
cProtein DVs for these groups are in Table 16.1
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Heading; The Nutrition Facts heading is the top line
within in the box as shown in Fig. 16.3.5 The heading
is bolded and set in a sufficiently large type size (at least
16-point) to extend the entire width of the box, where
practical; it is the largest type size within the box. A
horizontal hairline is placed below the heading. The
“Heading” section is followed by the “Servings
information” section.

Servings information;As shown in Fig. 16.4, the first line of
the “Servings information” section states “__ servings per
container” with nonbolded 10-point type.8 The number
of servings per container is to be rounded to a whole
number; when rounded, it is preceded with “about.”
The second line states “serving size” and information
describing the serving size with bold 10-point type. The
“serving size” heading is left justified; the size
information is right justified. The serving size is
expressed as a “common household measure” (e.g.,
teaspoon, cup, slice, piece) followed parenthetically by
the metric weight or volume of the serving. Metric
values are expressed as whole values; except values less
than 5 g (or mL) are rounded to the nearest 0.5 g (or
mL), and values less than 2 are rounded to the nearest
0.1 g (or mL). Serving sizes are based on “reference
amounts customarily consumed per eating occasion”
(RACC or reference amount) that have been compiled
by FDA in 21 CFR 101.12.10 The purpose of the RACC-
based serving sizes is to make serving sizes relatively
uniform for similar foods across brands, which
facilitates comparisons of nutrient content. A horizontal
heavy bar is placed below the serving size information.

The number of “servings per container” is declared to
the nearest whole number; when the number of servings
falls between 2 and 5, it is declared to the nearest 0.5
serving. Rounding is indicated by the term “about”
(i.e., about 4 servings per container). The number of
“servings per container” for random weight foods
(such as cheese) can be declared as “varied.” The num-
ber of “servings per container” for a package container
less than 200% of the applicable reference amount is
declared as 1. The servings information is followed by
the “Caloric information” section.

Caloric information; The “Caloric information” section be-
gins with the subheading “Amount per serving” in bold
8-point type. Below this subheading is the word
“Calories” in bold 16-point type. On the same line, and
right justified, is placed the number of calories per
serving in bold 22-point type. A horizontal “medium
bar” is placed below the “Caloric information” section.

Caloric content per serving can be determined in a
couple of ways; one way is use of actual caloric data;
another way is to calculate caloric value with the general
Atwater caloric factors of 4 calories/g of total carbohy-
drate and protein and 9 calories/g of fat. FDA also
provides for adjusting carbohydrate-derived calories for
carbohydrate substances known to have biologically
available caloric content lower than 4 calories/g (see
Table 16.3).11 A caloric content of less than 5 calories/g is
declared as 0; caloric content between 5 and 50 calories/
g is rounded to the nearest 5 calorie increment; and caloric
content above 50 calories/g is rounded to the nearest 10

FIGURE 16.3 Nutrition Facts—heading.

FIGURE 16.4 Nutrition Facts—serving information.
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calorie increment (See examples in Figs. 16.5e16.8). The
“Caloric information” section is followed by the “Macro-
nutrient content” section.8

Macronutrient content; The first line in the “Macronu-
trient content” section is a right justified “% Daily
Value” subheading set in bold 8-point type.8 Each line
in the “Macronutrient content” section is separated
from the next by a hairline. There are 10
macronutrients that are declared in this section of the
Nutrition Facts (see Table 16.4).12 The prescribed order
for listing these 10 nutrients is the order in which they
are listed in the table. These nutrients are declared
with 8-point type. Five of these nutrients are the
“core” nutrients (total fat, cholesterol, sodium, total
carbohydrate, and protein). The core nutrients are
differentiated from the other nutrients declared in the

Nutrition Facts by being set in bold type and left
justified. The macronutrients other than core nutrients
are indented relative to the core nutrients. The weight
(grams or milligrams) per serving amount is declared
to the right of the nutrient name. The declared weight
values are to be rounded using rounding rules for each
nutrient as specified in 21 CFR 101.9(c).9 The
percentages of DV per serving are declared in a right

TABLE 16.3 Carbohydrate-derived calories.

Available calories for specific carbohydrate substances
Isomalt 2.0 calories/g
Lactitol 2.0 calories/g
Xylitol 2.4 calories/g
Maltitol 2.1 calories/g
Sorbitol 2.6 calories/g
Hydrogenated starch hydrolyzates 3.0 calories/g
Mannitol 1.6 calories/g
Erythritol 0 calories/g
Soluble dietary fiber 2.0 calories/g
Insoluble dietary fiber 0 calories/g

Source: 21 CFR 101.9(c)(1)(i)(F).

FIGURE 16.5 Nutrition Facts—caloric information.

FIGURE 16.6 Nutrition Facts—macronutrient content.

FIGURE 16.7 Nutrition Facts—vitamin and mineral content.
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justified column beneath the “% Daily Value”
subheading that is at the top of this section. %DV
values for the macronutrients are rounded to the
nearest whole percent. The %DV is left blank for the
two nutrients that have no DV (trans fat and total
sugars) and for protein. A protein %DV must be
declared when there is any information about protein
appearing on the label outside the Nutrition Facts. The
protein %DV, when it is declared, is calculated using
an amount per serving of protein that has been
adjusted for both the digestibility and the amino acid
completeness of the protein source. The protein
adjustment method is called the protein digestibility

corrected amino acid score. A horizontal heavy bar is
placed below the “Macronutrient content” section. The
“Vitamin and mineral content” section follows the
“Macronutrient content” section.

Vitamin and mineral content; There are four mandatory vi-
tamins and minerals that must be declared in the Nutri-
tion Facts (vitamin D, calcium, iron, and potassium).
They are declared in nonbolded 8-point type. The
nutrient name is followed by the weight per serving,
and the %DV per serving is aligned in a right justified
column.8 The nutrient weight amounts are declared
with a level of significance consistent with the DV. For
example, for a DV between 10 and 100, the weight per
serving would be expressed to the nearest 1 unit; for a
DV between 100 and 1,000, the weight per serving
would be expressed to the nearest 10 units. %DV
values for vitamins and minerals are declared as 0 for
values less than 2%, declared to the nearest 2% for
values between 2% and 10%, declared to the nearest
5% for values between 10% and 50%, and declared to
the nearest 10% for values above 50%. The vitamins
and minerals may either be declared on separate lines,
or they may be placed two per line. In addition to the
four mandatory vitamin and minerals that must be
declared, there are another 23 vitamins and minerals
with established DVs that may voluntarily be declared.
No vitamin or mineral without a DV may be declared
within the Nutrition Facts. The vitamins and minerals
with established DVs are listed in Table 16.5. The order
of listing vitamins and minerals in Table 16.5 must be
observed when any of these nutrients are voluntarily
declared in the Nutrition Facts.13 A horizontal medium
bar is placed below the “Vitamin and mineral content”
section. The “Footnote” section follows the “Vitamin
and mineral content” section.

Footnote; The last section of the Nutrition Facts is for
“Footnotes.” Footnotes are presented in 6-point type,
rather than the 8-point type used elsewhere in the
Nutrition Facts. The standard footnote is preceded by
an asterisk that refers to the asterisk that follows the
“%DV” subheading in the body of the Nutrition
Facts.8 The standard footnote is

*The % Daily Value (DV) tells you how much a nutrient in a
serving of food contributes to a daily diet. 2000 calories a day is
used for general nutrition advice.

The complete standard footnote is not always
required. Foods that qualify as “calorie free” may either
omit the footnote altogether or omit just the second sen-
tence of the footnote. Packages with under 40 square
inches available for labeling may replace the standard
footnote with “%DV ¼% Daily Value.”

TABLE 16.4 Mandatory declared macronutrients and their Daily
Values (DVs) (adults and children >4).

Mandatory declared macronutrients and their DVs (adults and
children > 4 years)
Total Fat 78 g

Saturated fat 20 g
Trans fat no DV

Cholesterol 300 mg
Sodium 2300 mg
Total carbohydrate 275 g

Dietary fiber 28 g
Total sugars no DV
Added sugars 50 g

Protein 50 g

Source: 21 CFR 101.9(c).

FIGURE 16.8 Nutrition Facts—footnote.
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Dual columns; Packages whose contents are between 200%
and 300% of the applicable reference amount must have
two columns of nutrient content information in their
Nutrition Facts (i.e., “dual column format”); the first col-
umn declares the quantitative amounts and percent DVs
per serving, and the second column is based on the con-
tents of the entire package, as shown in Fig. 16.9.14 Pack-
ages that contain between 150% and 200% of the
applicable reference amount must declare the serving
size as “1 container,” but there is an option to voluntarily
use the dual column format with the first column
declaring nutrient content information on a “per reference
amount” basis and the second column declaring nutrient
content information on a “per package” basis.

In addition to the required dual column format for
packages containing between 200% and 300% of the

applicable reference amount, there is an optional provi-
sion for dual columns of nutrient content information
for packaged food to which the consumer typically
adds additional ingredients prior to consuming (e.g.,
adding milk to breakfast cereal). In this situation, the first
column of nutrient content amounts as “as packaged”
and the second column has the “as prepared” amounts.

Alternative formats; There is a SHORTENED format for
the Nutrition Facts that provides for moving some of
the mandatory declared nutrients to a footnote. Any of
the mandatory declared nutrients, other than calories,
total fat, sodium, total carbohydrate, and protein, that
are present at a level that can be rounded to zero may
be omitted from the tabular portion of the Nutrition
Facts and instead declared in the footnote portion of
the Nutrition Facts.2 This footnote begins as “Not a sig-
nificant source of..” The “zero level” nutrients being
declared in this footnote are listed in the same order as
they normally appear in the tabular portion of the Nutri-
tion Facts. This SHORTENED format Nutrition Facts
will declare within the tabular portion of the Nutrition

TABLE 16.5 Vitamins and minerals that may be declared in the
nutrition facts and their daily values (adults and
children > 4 years).

Vitamins and minerals that may be declared in the nutrition facts
and their daily values (adults and children > 4 years)
Mandatory

Vitamin D 20 mcg (the International Units (IU) amount may be added
in parentheses following the mcg weight amount)
Calcium 1300 mg
Iron 18 mg
Potassium 4700 mg

Voluntary

Vitamin A 900 mcg RAE (retinoic acid equivalents)
Vitamin C 90 mg
Vitamin E 15 mg
Vitamin K 120 mcg
Thiamin 1.2 mg (vitamin B1 may be added in parentheses
following the name)
Riboflavin 1.3 mg (vitamin B2 may be added in parentheses
following the name)
Niacin 16 mg NE (niacin equivalents)
Vitamin B6 1.7 mg
Folate 400 mcg DFE (dietary folate equivalents)
Vitamin B12 2.4 mcg
Biotin 30 mcg
Pantothenic acid 5 mg
Phosphorus 1250 mg
Iodine 150 mcg
Magnesium 420 mg
Zinc 11 mg
Selenium 55 mcg
Copper 0.9 mg
Manganese 2.3 mg
Chromium 35 mcg
Molybdenum 45 mcg
Chloride 2300 mg
Choline 550 mg

5g 

2g 

0g 

15mg 

240mg 

35g 

6g 

7g 

4g 

9g 

6% 
10% 

5% 
10% 
13% 
21% 

8% 

13% 
20% 

10% 
21% 
25% 
43% 

16% 

10g 

4g 

0g 

30mg 

480mg 

70g 

12g 

14g 

8g 

18g 

Total Fat
   Saturated Fat 

Trans Fat 

Cholesterol 
Sodium 
Total Carb.
   Dietary Fiber

   Total Sugars

      Incl.Added Sugars 

Protein 

% DV* % DV* 

5mcg 

200mg 

1mg 

470mg 

10mcg 

400mg 

2mg 

940mg 

25% 

15% 

6% 

10% 

50% 

30% 

10% 

20% 

Vitamin D 

Calcium 

Iron 

Potassium 

The % Daily Value (DV) tells you how much a nutrient in a serving of 
food contributes to a daily diet. 2,000 calories a day is used for general 
nutrition advice. 

* 

Calories 220 440
Per container Per serving 

Nutrition Facts
2 servings per container
Serving size 1 cup (255g) 

FIGURE 16.9 Nutrition Facts—dual columns.

2 The mandatory Nutrition Facts nutrients that may be moved from the main body of the Nutrition Facts box to a “Not a significant source of

.” footnote, when present in an amount that is rounded to zero, are saturated fat, trans fat, cholesterol, dietary fiber, total sugars, added sugar,

protein, vitamin D, calcium, iron, and potassium.
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Facts: (1) calories, (2) four of the five core nutrients (total
fat, sodium, total carbohydrate, and protein), regardless
of amount, (3) any other mandatory nutrient present at
greater than a zero level, (4) nutrients that are required
to be declared because there is a claim about them on
the label (e.g., total sugars and added sugars must be
declared when there is a “Sugar Free” claim on the la-
bel), and (5) any voluntarily declared nutrient that the
manufacturer may wish to include.

There is a SIMPLIFIED format for the Nutrition Facts
that may be used when eight or more of the 15 manda-
tory declared nutrients are present at zero levels
(Fig. 16.10). The SIMPLIFIED Nutrition Facts format in-
cludes only calories, four of the five core nutrients (total
fat, sodium, total carbohydrate, and protein), and any of
the other mandatory nutrients present at more than
“zero.” The “Not a significant source of.” footnote
used in the SHORTENED format is not required with
the simplified format unless there are any nutrients

declared other than the mandatory nutrients or any
nutrition claims are made on the label. The “The % Daily
Value (DV) tells you.” footnote is omitted from the
SIMPLIFIED format.

The SIMPLIFIED format example shown in
Fig. 16.10 is for a hypothetical vegetable oil label that
makes a claim about omega-3 fatty acid content, which
triggers the requirement to declare polyunsaturated
and monounsaturated fat content.15 The declaration
of nutrients other than the core required nutrients, in
turn, requires inclusion of a “Not a significant source
of.” footnote.

There is a TABULAR format available for packages
whose height is insufficient to accommodate the VERTI-
CAL format (Fig. 16.11).16 The SHORTENED and
SIMPLIFIED format options can be combined with the
TABULAR format when appropriate. Labels on pack-
ages with a surface area 40 square inches or less may
omit the “The % Daily Value (DV) tells you.” footnote
from a TABULAR format. The TABULAR format is to be
used only when the VERTICAL format will not fit on a
package label.

There is a LINEAR format available for packages with
a surface area less than 12 square inches (Fig. 16.12).17

The LINEAR format is to be used only when it is impos-
sible to fit the TABULAR format on the label. Minimum
allowable type size in the LINEAR format is 6-point. The
footnote is omitted from the LINEAR format.

Exemptions; Foods that contain all mandatory declara-
tion nutrients only in amounts defined as zero and
bear no nutrition information on the label or in labeling
are exempt from placing a Nutrition Facts on their label.
A few foods, notably coffee, that have long been exempt
from the Nutrition Facts requirement on the basis of
having no nutrients to declare will no longer be exempt
under the revised Nutrition Facts regulations that have
made changes in mandatory declaration nutrients, their
DVs, and reference amounts. For example, coffee falls
into this situation because potassium is now a manda-
tory declaration nutrient, and coffee’s potassium content
per RACC (the new coffee reference amount is 12 fL oz)
is greater than 2% of the potassium DV.

Nutrition Facts

Calories 130

64 servings per container
Serving size 1 tbsp (14g) 

Total Fat 14g 

Saturated Fat 2g 

Trans Fat 2g 

Polyunsaturated Fat 4g 

Monounsaturated Fat 6g 

Sodium 0mg 

Total Carbohydrate 0g 

Protein 0g 

18% 

10% 

0% 
0% 

% DV* 

Not a significant source of cholesterol, dietary fiber, 
total sugars, added sugars, vitamin D, calcium, iron, 
and potassium 

%DV = %Daily Value * 

Amount per serving 

FIGURE 16.10 Simplified nutrition facts format for foods in which
most nutrients are at levels that can be declared as zero.

%01gm074muissatoP•%6gm1norI•%6gm08muiclaC•%0gcm0DnimatiV
Thiamin 15%  •  Riboflavin 8%  •  Niacin 10% 

Total Fat 1.5g 

Saturated Fat 0.5g 

Trans Fat 0.5g 

Cholesterol 0mg 

Sodium 280mg 

Total Carbohydrate 36g 

Dietary Fiber 2g 

Total Sugars 1g 

Includes 1g Added Sugars 

Protein 4g 

2% 
3% 

0% 
12% 

13% 
7% 

2% 
10 servings per container
Serving size 
2 slices (56g) 

Nutrition 
Facts 

170 

The % Daily Value 
(DV) tells you how
much a nutrient 
in a serving of
food contributes to 
a daily diet. 2,000 
calories a day is 
used for general 
nutrition advice. 

* 

Calories 
per serving 

% Daily Value* % Daily Value* Amount/serving Amount/serving 

FIGURE 16.11 Tabular format nutrition facts for packages less than 3-inches high.
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E. Label Requirements for Specific Products

Dietary supplements are a regulatory subcategory of
foods. Dietary supplement regulations for labeling,
ingredient safety standards, and good manufacturing
practice are separate from the corresponding conven-
tional food regulations. Dietary supplements are prod-
ucts intended for oral consumption whose purpose is
to supplement the diet, are formulated for consumption
in small amounts (e.g., capsules, tablets, spoonful of liq-
uids, etc.), and are not represented as a conventional
food. The term “conventional food” is not a defined reg-
ulatory term, but FDA uses the term when wishing to
make clear where regulatory requirements differ be-
tween conventional food and dietary supplements.
Nutrition information is presented on dietary supple-
ment labels as Supplement Facts, rather than as Nutri-
tion Facts. The Supplement Facts panel is modeled on
the Nutrition Facts, and many of the requirements are
the same. A Supplement Facts example for a vitamin
and mineral supplement is shown in Fig. 16.13.18

Infant formula is another separate food category for
which there are nutrition labeling requirements separate
from the Nutrition Facts nutrition labeling rules that
apply to other foods. Infant formula is defined as a
food represented for special dietary use solely as a

food for infants by reason of its simulation of human
milk or it’s suitability as a complete or partial substitute
for human milk. There are separate regulations that pre-
scribe what nutrient information is to be presented on
infant formula labels.19

Medical foods is another food category that is exempt
from the Nutrition Facts nutrition labeling rules,
although medical foods is not clearly a distinct regulato-
ry category. The 1990 Nutrition Labeling and Education
Act included “medical foods” among the list of cate-
gories that were to be exempt from the Nutrition Facts
nutrition labeling rules.20 As such, medical food labels
can present information about the nutrient content of
the medical food in a manner of the manufacturer’s
choosing. For purposes of defining the character of a
food that would be exempt fromNutrition Facts labeling
as being a medical food, “medical food” is defined as

A medical food is a food which is formulated to be
consumed or administered enterally under the supervision of
a physician and which is intended for the specific dietary man-
agement of a disease or condition for which distinctive nutri-
tional requirements, based on recognized scientific principles,
are established by medical evaluation.

FDA requires a “medical food” product to meet all
the following criteria to qualify for the exemption from
Nutrition Facts nutrition labeling:

1. It is a specially formulated and processed product (as
opposed to a naturally occurring foodstuff used in its
natural state) for the partial or exclusive feeding of a
patient by means of oral intake or enteral feeding by
tube;

2. It is intended for the dietary management of a patient
who, because of therapeutic or chronic medical needs,
has limited or impaired capacity to ingest, digest,
absorb, or metabolize ordinary foodstuffs or certain
nutrients or who has other special medically
determined nutrient requirements, the dietary
management of which cannot be achieved by the
modification of the normal diet alone;

3. It provides nutritional support specifically modified
for the management of the unique nutrient needs that
result from the specific disease or condition, as
determined by medical evaluation;

4. It is intended to be used under medical supervision;
and

Amount per serving:                        Total Fat 0g (0% DV), Sat. Fat 0g (0% DV), 
Trans Fat 0g, Cholest. 0mg (0% DV), Sodium 0mg (0% DV), Total Carb. 2g (1% DV), 
Fiber 0g (0% DV), Total Sugars 2g (Incl. 2g Added Sugars, 4% DV), Protein 0g, 
Vit. D (0% DV), Calcium (0% DV), Iron (0% DV), Potas. (6% DV). 

Calories 5, 
Nutrition Facts Servings: 12, Serv. size: 1 mint (2g), 

FIGURE 16.12 Linear format nutrition facts for packages with surface area less than 12 square inches.

FIGURE 16.13 Supplement facts for a vitamin and mineral dietary
supplement.
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5. It is intended only for a patient receiving active and
ongoing medical supervision wherein the patient
requires medical care on a recurring basis for, among
other things, instructions on the use of the medical
food.

F. 2016 Nutrition Facts Revision—Complex
Issues

Several of the changes FDA wanted to make to the
Nutrition Facts in the 2016 revisions turned out to be
quite complex to implement. Due to the complexities,
several of the revised Nutrition Facts components are a
source of confusion, particularly so for added sugars, di-
etary fibers, and folate.

Nutrition Facts revisions—added sugars

FDA established requirements for declaration of
added sugars on the Nutrition Facts label because the in-
formation would assist consumers in maintaining
healthy dietary practices. The declaration would pro-
vide them with information necessary to meet the key
recommendations of the DGA to construct diets contain-
ing nutrient-dense foods and reduce calorie intake from
sugars by reducing consumption of added sugars.

The amount per serving of added sugars is declared
on a separate line below the “Total Sugars” line and is
indented relative to “Total Sugars.” The added sugars
declaration is “includes __ g Added Sugars.” The DV
for added sugars is 50 g.

Added sugar includes sugars that are added to foods
during processing and also foods that are sugar
(e.g., the Nutrition Facts for a bag of sugar will declare
8g per serving total sugar and 8 g per serving added
sugar). Ingredients that are considered to be “added
sugars” include

• All mono- and disaccharide sugars
• Sugar content of honey
• Sugar content of syrups
• Sugar content of concentrated juices that are in excess

of what would be expected from the same volume of
100% juice of the same type

• D-tagatose, isomaltulose, and psicose

A provision included in the 2018 Farm Bill bars FDA
from requiring the words “includes X g Added Sugars”
in the Nutrition Facts for any single ingredient sugar, hon-
ey, agave, or syrup, including maple syrup food prod-
uct.21 The FDA interpretation of this legislation is that
although the Nutrition Facts for these single ingredient
“added sugars” foods need not use the words “includes
X g Added Sugars,” or declare the grams per serving of
added sugars, they still need to declare the %DV for
added sugars. FDA does not object to manufacturers of

the single ingredient “added sugar” foods named in the
2018 Farm Bill to place a y symbol following the added
sugars %DV that references to a truthful and not
misleading statement within a footnote at the bottom of
the Nutrition Facts that includes a description of the
gram amount of sugar added to the diet by one serving
of the product and its contribution to the percent DV
for added sugars in the diet. FDA also does not object
to including a statement such as “All these sugars are
naturally occurring in honey” in the footnote.22

FDA also has made some concessions in the declara-
tion of added sugars for sweetened cranberry food prod-
ucts. Dried cranberry and cranberry juice beverages
sweetened with added sugars that contain total sugars
at levels no greater than comparable foods with inherent
sugars, but no added sugars, may place a y symbol
following the added sugars %DV that references a state-
ment about sugars outside of the Nutrition Facts. Such
statement would explain that sweetened dried
cranberries and cranberry beverages have amounts of
total sugars comparable to comparable noncranberry
products. A statement placed outside the Nutrition Facts
can provide truthful and not misleading information
regarding common practices of adding sugars to
increase the palatability of tart cranberries and that
sweetened cranberry products contain equivalent
amounts of total sugars as comparable fruit products
that are inherently sweet and do not declare added
sugars on their labels.

Because there is no quantitative analytical method
available to distinguish between added sugars and
endogenous sugars in a food, manufacturers of foods
that contain both added sugars and endogenous sugars
must keep records, and make those records available to
FDA upon request, that substantiate the amounts of total
sugars and added sugars declared in the food’s Nutri-
tion Facts.

Nutrition Facts revisions—dietary fiber

FDA’s original Nutrition Facts regulations did not
define what constituted dietary fiber, instead any
digestion-resistant carbohydrate substance that
could be measured with a validated “dietary fiber”
quantitative analytical method would be counted as a
dietary fiber. Many new food ingredients that qualified
as dietary fiber have been developed subsequent to the
1993 introduction of the Nutrition Facts label. FDA
had concerns that not all of the novel dietary fiber ingre-
dients actually had any of the beneficial physiological
effects attributable to dietary fiber. Based on the ratio-
nale that declaring dietary fiber content solely on the
basis of a quantitative analytical measure without
knowing whether any dietary fiber attributable benefit
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is associated with that fiber content, FDA has now
defined dietary fiber for nutrition labeling purposes as

. non-digestible soluble and insoluble carbohydrates (with
3 or more monomeric units), and lignin that are intrinsic and
intact in plants; isolated or synthetic non-digestible carbohy-
drates (with 3 or more monomeric units) determined by FDA
to have physiological effects that are beneficial to human health.

This dietary fiber definition entails two categories of
dietary fiber: (1) intrinsic and intact and (2) isolated or
synthetic. FDA considers the “intact” characteristic as
meaning no relevant component present in the edible
plant source has been removed or destroyed from the
ingredient. FDA considers the “intrinsic” characteristic
as meaning the substance is a naturally occurring
component of the edible plant food matrix. FDA has
illustrated this concept by noting that bran fiber, ob-
tained by grinding of grain outer layers, is the anatom-
ical outer layers of the grain consisting of intact cells
and substantial amounts of other plant matrix nutrients
(e.g., starch, protein and other nutrients) and is an
“intact and intrinsic” dietary fiber source. FDA also in-
cludes as “intrinsic and intact” dietary fiber the nondi-
gestible carbohydrates that are created during normal
food processing (e.g., cooking, rolling, or milling) such
as the digestion-resistant starch in flaked corn meal.
However, an ingredient consisting of resistant starch
that has been extracted and isolated from flaked corn
meal, such that it is no longer part of the food matrix,
would be considered an isolated nondigestible
carbohydrate.

An “intrinsic and intact” source of dietary fiber auto-
matically qualifies as dietary fiber for nutrition labeling
purposes; however, “isolated or synthetic” sources of
dietary fiber must be preapproved by FDA before they
can be counted toward the dietary fiber content of a
food. FDAwill approve as dietary fiber a nondigestible
carbohydrate substance that has been demonstrated, to
FDA’s satisfaction, as having beneficial physiological ef-
fects for human health. The beneficial physiologic ef-
fects of dietary fiber recognized by FDA are (1)
lowering of blood total and LDL-cholesterol levels, (2)
lowering of blood postprandial glucose levels, (3)
reducing gut transit time and improving laxation (as
increased fecal bulk), (4) reducing blood pressure, and
(5) increasing satiety associated with reduced energy
intake and with possible outcomes on body weight.
FDA initially recognized 7 “isolated or synthetic” die-
tary fiber sources in the revised Nutrition Facts regula-
tions and said that additional sources would be added
through the Citizen Petition process when interested
parties submit a request for an additional isolated or
synthetic dietary fiber source, substantiated by evi-
dence establishing a beneficial physiologic effect in

humans of the dietary fiber substance. FDA has
approved as dietary fiber an additional eight isolated
or synthetic nondigestible carbohydrate substances,
but the Nutrition Facts regulation has not yet been
amended to include any of the additional FDA-
approved isolated or synthetic dietary fiber sources.
The list of approved isolated fiber sources is on the
FDA website in “Guidance for Industry: The Declara-
tion of Certain Isolated or Synthetic Non-Digestible
Carbohydrates as Dietary Fiber on Nutrition and
Supplement Facts Labels.”23 The FDA-approved iso-
lated or synthetic dietary fiber sources are listed in
Table 16.6.24

Nutrition Facts revisions—folate

The current RDA for folate is expressed asmicrograms
(mcg) Dietary Folate Equivalents (DFE). The DFE mea-
sure accounts for the greater bioavailability of synthetic
folic acid added to foods than the bioavailability of folate
that occurs naturally in food. 1 mcg food folate is equal to
1 mcg DFE; whereas 1 mcg folic acid is equal to 1.7 mcg
DFE. Declaring folate content in the Nutrition Facts is
voluntary, however, if any folate information is placed
on a label outside the Nutrition Facts, or if folic acid is
an added ingredient of the food, then folate content
must be declared in the Nutrition Facts.

When folate content is declared in the Nutrition Facts,
the nutrient term folate is used. The folate content,
declared as mcg DFE, includes the total folate content
from natural folates, synthetic forms of folate such as
L-5-methyltetrahydrofolate, and folic acid. The folate
%DV is calculated on the mcg DFE per serving. When
a food contains only naturally occurring folate (and no
added folic acid), a manufacturer may voluntarily
declare “folate” and the folate %DV, without declaring
the mcg DFE content. When folic acid is an added ingre-
dient in a food, then the total mcg DFE, the folic acid

TABLE 16.6 Isolated or synthetic dietary fiber sources.

Isolated or synthetic dietary fiber sources
Beta-glucan fiber
Psyllium seed husk
Cellulose
Guar gum
Pectin
Locust bean gum
Hydroxypropyl methylcellulose
Arabinoxylan
Alginate
Inulin and inulin-type fructans
High amylose starch (resistant starch 2)
Galactooligosaccharides
Polydextrose
Resistant maltodextrin/dextrin
Mixed plant cell wall fibers (ingredients containing 2 or more of

cellulose, pectin, lignin, beta-glucan, and arabinoxylan)
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content, and the folate %DVall be must be declared. The
folic acid content is declared within parentheses
following the folate mcg DFE content; such as

Folate xx mcg yy__% DV (for food with naturally occurring
food folate)

Folate _xx mcg DFE (yy mcg folic acid) zz % DV (for food
containing added folic acid)

When the folate content is declared in the Nutrition
Facts, and the food contains both naturally occurring
food folates and added folic acid, the manufacturer
must keep records to verify the amounts of folates and
folic acid that are being declared.

II. INTERNATIONAL NUTRITION
LABELING: USA, EU, CODEX

The FAO/WHO Codex Alimentarius (Codex) Inter-
national Food Standards program has developed guide-
lines for the nutrition labeling of packaged foods. The
Codex nutrition labeling guidelines were revised in
1993 and again in 2011. Rules for declaring nutrition in-
formation on food labels were introduced in both the
USA and the European Union (EU) in the early 1990s.
About 25 years later, the nutrition labeling rules have
been updated in both the USA and EU. The revised
EU nutrition labeling rules went into effect at the end
of 2016, and the USA revised nutrition labeling rules
are set to go into effect at the beginning of 2020. The
EU adopted Regulation (EU) No 1169/2011 in 2011 to
modify existing food labeling provisions to provide to
consumers updated food information.25 The nutrition
information portion of this regulation went into effect
at the end of 2016. With this regulation nutrition labeling
of packaged foods became mandatory in the EU. The US
FDA issued regulations in 2016 revising the existing
mandatory nutrition information food labeling regula-
tion.9 The nutrition labeling regulation revisions reflect
changes in knowledge of nutrient requirements and
the link between diet, chronic diseases, and public
health. Table 16.7 is a comparison of major features of
nutrition labeling requirements in the USA and EU reg-
ulations and in the Codex guidelines.26

III. NUTRITION AND HEALTH
BENEFIT CLAIMS

Manufacturers may choose to make claims on their
food labels about their products’ attributes or benefits.
Unlike in some other countries, in the USA, the term
“health claim” applies to only one type of claim. Health

claims state or imply a relationship between a substance
and reduced risk of a disease. Other types of nutrition or
health benefit claims include “nutrient content claims,”
“structure function claims,” and “dietary guidance
statements.”

A product’s intended use will determine whether it is
subject to regulation as a food, dietary supplement, or
drug. Claims that are made for a product are key to
determining its intended use. For example, a claim
that a product treats or prevents a disease or abnormal
health condition subjects it to regulation as a drug.
Because most drugs cannot be marketed until they
have received premarket approval, food companies
must avoid making claims that would subject their
products to regulation as new drugs.27

A. Nutrient Content Claims

A nutrient content claim describes the level of a
nutrient in a food using terms such as “free,” “high,”
and “low” or compares the level of a nutrient in a food
to that of another food, using terms such as “more,”
“reduced,” and “lite.” Nutrient content claims cannot
be made unless they are authorized by FDA. They can
be expressed or implied, and, generally, there must be
an established DV for the nutrient that is the subject of
the claim. An accurate quantitative statement (e.g.,
200 mg of sodium) that does not otherwise “charac-
terize” the nutrient level may be used to describe the
amount of a nutrient present. A statement such as
“only 200 mg of sodium” characterizes the level of so-
dium by implying that it is low. Therefore, the food
would have to meet the nutritional criteria for a “low”
nutrient content claim or carry a disclosure statement
that it does not qualify for the claim (e.g., “not a low so-
dium food”).28 Additional label statements are required
for specific nutrient content claims on certain foods.29

Special labeling also is required for products that
exceed designated “disclosure levels” for fat, saturated
fat, cholesterol, and sodium, using a statement such as
“See nutrition information for fat content,” for a food
where the level of fat exceeds the disclosure level and
a nutrient content claim is made.

B. Health Claims

A health claim describes the relationship between a
substance (food or food component) and a disease or
health-related condition.30 Health claims are limited to
statements about reducing disease risk and cannot be
claims about the cure, mitigation, treatment, or preven-
tion of disease. Health claims must be authorized by
FDA. They must be supported by significant scientific
agreement to be established by regulation. Foods are
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TABLE 16.7 Comparison of USA and EU nutrition label requirements.

Nutrition information

•Mandatory information

USA European Union Codex Alimentarius

Per serving
Energy (calories)
Macronutrients
•Total fat
•Saturated fat
•Trans fat
•Cholesterol
•Sodium
•Total carbohydrate
•Dietary fiber
•Total sugars
•Added sugars
•Protein

Micronutrients
•Vitamin D
•Calcium
•Iron
•Potassium

21 CFR 101.9

Per 100 g or 100 mL (per serving
voluntary)
Energy (kcal and kJ)
Macronutrients

•Fat
•Saturates
•Carbohydrate
•Sugars
•Protein
•Salt

Micronutrients
• Added vitamins and minerals

Regulation (EU) No 1169/2011, Section 3
(Nutrition declaration), Article 29

Per 100 g or per 100 mL or per serving on
single-portion package
Energy value
Macronutrients
• Fat
• Saturated fat
• Sodium
• Available carbohydrates (excluding dietary

fiber)
• Total sugars

Micronutrients
• None

Any other nutrient for which a nutrition or
health claim is made
Codex Guidelines on Nutrition Labelling; Sec.
3 Nutrient Declaration [CAC/GL 2-1985 (Rev.
2011)]

Nutrition information

• Voluntary information

USA European Union Codex Alimentarius

Macronutrients
• Polyunsaturated fat
• Monounsaturated fat
• Soluble fiber
• Insoluble fiber
• Sugar alcohol

Micronutrients
• Fluoride
• Vitamins and minerals listed in

21 CFR 101.9(c)(8)(iv)

Macronutrients
• Monounsaturates
• Polyunsaturates
• Polyols
• Starch
• Fiber

Micronutrients
• Vitamins and minerals if (1) listed in

point 1 of Part A of Annex VIII and (2)
present in significant amount (� 15%
NRV/100 g or mL, for most foods)

Micronutrients

• Vitamins and minerals for which
recommended intakes have been
established and are present at more than 5%
of the Nutrient Reference Value per 100 g or
100 mL

Codex Guidelines on Nutrition Labelling; Sec.
3 Nutrient Declaration [CAC/GL 2-1985 (Rev.
2011]

Nutrition information

• Nutrient Reference Values

USA European Union Codex Alimentarius

Daily Value (DV)
Fat 78 g
Saturated fat 20 g
Cholesterol 300 mg
Total carbohydrate 275 g
Sodium 2,300 mg
Fiber 28 g
Total sugars none
Added sugar 50 g
Protein 50 g
Vitamin D 20 mcg
Calcium 1,300 mg

Nutrient Reference Value (NRV)
Fat 70 g
Saturated fat 20 g
Cholesterol none
Total carbohydrate 260 g
Salt 6 g
Fiber none
Total sugars 90 g
Added sugar none
Protein
Vitamin D 5 mcg
Calcium 800 mg
Iron 14 mg

Nutrient Reference Value (NRY)
Fat none
Saturated fat 20 g
Cholesterol none
Total Carbohydrate
Sodium 2,000 mg
Fiber none
Total sugars
Added sugar none
Protein 50 g
Vitamin D 5 mcg
Calcium 1,000 mg

Continued
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ineligible for health claims if they exceed disqualifying
levels of total fat, saturated fat, cholesterol, or sodium.
Health claims authorized by regulation are listed in
FDA’s regulations at 21 CFR 101.72e101.83.31 Health
claims can also be authorized by specific decision letters
posted on the FDAwebsite.

C. Qualified Health Claims

For a proposed health claim for which there is not sig-
nificant scientific agreement that the claim is supported,
if FDA agrees that the scientific evidence supports a

qualified health claim, the agency will provide claim
language for which it will exercise enforcement discre-
tion (i.e., generally not take enforcement action). The
claim language is tailored to accurately convey the level
and quality of the science supporting the claim. Deci-
sions on Qualified Health Claims are in letters posted
on the FDAwebsite.32

Although FDA’s letters are issued to the petitioner
requesting the qualified health claim, the qualified
claims are available for use on any food or dietary sup-
plement product meeting the conditions specified in the
letter.

TABLE 16.7 Comparison of USA and EU nutrition label requirements.—cont’d

Iron 18 mg
Potassium 4,700 mg

Potassium 2,000 mg
Annex VIII of Regulation 1169/2011/EU

Iron 14 mg
Potassium 3,500 mg

Nutrition information

• Macronutrient energy values

USA European Union Codex Alimentarius

Carbohydrate 4 kcal/g
Protein 4 kcal/g
Fat 9 kcal/g
Soluble dietary fiber 2 kcal/g
Insoluble dietary fiber 0 kcal/g
Polyols (specific individual values
0e3 kcal/g)

Carbohydrate 4 kcal/g (17 kJ)
Protein 4 kcal/g (17 kJ)
Fat 9 kcal/g (37 kJ)
Alcohol 7 kcal/g (29 kJ)
Organic acids 3 kcal/g (13 kJ)
Polyols 2.4 kcal/g (10 kj)
Fiber 2 kcal/f (8 kJ)
Erythritol 0 kcal/g (0 kJ)
Salatrims 6 kcal/g (25 kJ)
Annex XIV of Regulation 1169/2011/EU

Carbohydrate 4 kcal/g (17 kJ)
Protein 4 kcal/g (17 kJ)
Fat 9 kcal/g (37 kj)
Alcohol 7 kcal/g (29 kj)
Organic acids 4 kcal/g (17 kj)
Codex Guidelines on Nutrition Labelling;
3.3.1 Calculation of Energy [CAC/GL 2-1985
(Rev. 2011)]

Nutrition information

• Fiber definitions

USA European Union Codex Alimentarius

Nondigestible soluble and
insoluble carbohydrates (with 3 or
more monomeric units), and lignin
that are
(A) intrinsic and intact in plants or
(B) isolated or synthetic
nondigestible carbohydrates
(with 3 or more monomeric units)
determined by FDA to have
physiological effects that are
beneficial to human health.
FDA has determined about 14
isolated or synthetic non-
digestible carbohydrate
substances qualify as dietary fiber.
21 CFR 101.9(c)(i)

Carbohydrate polymers with three or
more monomeric units, which are neither
digested nor absorbed in the human
small intestine and belong to the
following categories:
• edible carbohydrate polymers

naturally occurring in the food as
consumed;

• edible carbohydrate polymers that
have been obtained from food raw
material by physical, enzymatic, or
chemical means and that have a
beneficial physiological effect
demonstrated by generally accepted
scientific evidence;

• edible synthetic carbohydrate
polymers that have a beneficial
physiological effect demonstrated by
generally accepted scientific evidence.

Annex I of Regulation 1169/2011/EU

Carbohydrate polymers with 10 or more
monomeric units, which are not hydrolyzed
by endogenous enzymes of the small intestine
of humans, and belong to the following
categories:
• edible carbohydrate polymers naturally

occurring in the food as consumed;
• carbohydrate polymers, which have been

obtained from food raw material by
physical, enzymatic, or chemical means and
which have been shown to have a
physiological effect of benefit to health as
demonstrated by generally accepted
scientific evidence to competent authorities;

• synthetic carbohydrate polymers that have
been shown to have a physiological effect of
benefit to health as demonstrated by
generally accepted scientific evidence to
competent authorities.

Codex Guidelines on Nutrition Labeling
[CAC/GL 2-1985 (Rev. 2011)]
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D. FDAMA Nutrient Content and Health
Claims

The Food and Drug Administration Modernization
Act of 1997 (FDAMA) allows nutrient content and health
claims to be made on the basis of statements issued by
certain authoritative federal bodies other than FDA, such
as theNational Institutes ofHealthand theNationalAcad-
emies of Sciences, Engineering, andMedicine.33 The claim
is authorized based on a notification by the manufacturer
who wishes to use the claim. If FDA does not object to the
FDAMA notification, the decision is posted on the FDA
website.

E. Structure/Function Claims

Structure/function claims describe the role of sub-
stances intended to affect the normal structure or func-
tion of the body. Such claims address effects in healthy
individuals, for example, “Calcium helps maintain
strong bones.” In addition, they may characterize the
means by which a nutrient acts to maintain such struc-
ture or function, for example, “fiber maintains bowel
regularity” or “antioxidants maintain cell integrity.”
Structure/function claims for conventional foods focus
on effects derived from nutritive value, while struc-
ture/function claims for dietary supplements may focus
on nonnutritive as well as nutritive effects.

FDA authorization is not required prior to use of
structure/function claims, but structure/function
claims may not link the claimed effect to a disease or
health-related condition. For example, it is permissible
to make the claim that a substance supports memory
but not to make the claim the substance reduces memory

loss. The one exception to this rule is that claims are
permitted to describe a benefit related to a nutrient defi-
ciency disease (e.g., vitamin C and scurvy) as long as the
statement also provides information about how wide-
spread such a disease is in the USA.

F. Dietary Guidance

By definition, a “health claim” has two essential com-
ponents: (1) a substance (includes a food or food compo-
nent) and (2) a disease or health-related condition. A
statement lacking either one of these components does
not meet the FDA definition of a health claim. For
example, statements that address a role of dietary pat-
terns or of general categories of foods (e.g., fruits and
vegetables) in maintaining good health are considered
dietary guidance rather than health claims. Dietary
guidance statements used on food labels must be truth-
ful and nonmisleading. Unlike health claims, dietary
guidance statements are not subject to premarket review
and authorization by FDA.

IV. CONCLUSION

The authors of this chapter have presented information
on theupdatednutrition labeling requirements in theUSA
that will allow the reader to gain a basic understanding of
which information is required and why. For those who
needmoredetail, the authors have listed the three primary
resource documents (Refs. 2 and 3). While the FDA has
not yet revised the rules for nutrition-related claims to
include the updated nutrient and intake data, the agency
has committed to making appropriate changes.

RESEARCH GAPS

• Associations between nutrients and chronic diseases and health-related conditions

• Relevant physiological endpoints

• Information on consumer understanding

• Food consumption patterns

• Analytical methodology for determination of nutrient content of foods
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SUMMARY

Food insecurity and malnutrition in all its forms are responsible for more ill health than any other cause.
Maternal and child undernutrition contributes to more than 10% of the world’s disease burden. Under-
nutrition contributes up to 45% of preventable deaths among children under 5 years of age, mainly in low-
and middle-income countries. The health consequences of overweight and obesity contribute to an
estimated 4 million deaths (7.1% of all deaths) and 120 million healthy years of life lost. The global
prevalence of severe food insecurity was 10.2% in 2017, affecting 770 million people. Food insecurity and
malnutrition are caused by unequal and unjust distribution of nourishing food due to deficiencies in social,
economic, political, and ecological systems. Organizations, politicians, and community leaders are
demanding and promising transformative approaches to deep poverty and the climate and nature crises
that cause malnutrition and hunger. Policies that protect basic human rights and rights of nature can create
well-nourished resilient societies.

Keywords: Food insecurity; Food security; Food sovereignty; Human rights; Hunger; Malnutrition;
Neoliberalism; Poverty; Rights of nature; Undernutrition.

I. INTRODUCTION

A. Background

Preventing and alleviating hunger and undernutri-
tion and achieving food security are concerns for all so-
cieties. Since the first World Food Conference organized
by the United Nations (UN) in 1974, a consensus has
emerged that “every man, woman and child has the
inalienable right to be free from hunger and malnutri-
tion in order to develop their physical and mental fac-
ulties.”1 Today, the international community strives for
Food Security, defined by the UN as a situation that
exists when “all people, at all times, have access to

sufficient, safe and nutritious food that meets their die-
tary needs and food preferences for an active and
healthy life.”2 The UN declared the years 2016e25 the
Decade of Action onNutrition with the aim “to eradicate
hunger, and malnutrition in all its forms (undernutri-
tion, micronutrient deficiencies, overweight or obesity)
and reduce the burden of diet-related noncommunicable
diseases (NCDs) in all age groups.”3 The Decade of Ac-
tion on Nutrition provides an opportunity for consolida-
tion and alignment of programs, initiatives, and policy
and invites all member states to make specific nutrition
commitments and policy measures.
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A recent Lancet Commission Report declared that we
are facing a “global syndemic of obesity, undernutrition
and climate change,” in other words, a synergy of epi-
demics that “co-occur in time and place, interact with
each other to produce complex sequelae, and share com-
mon underlying societal drivers”4 (p.791). In 2015, the
UN adopted the 2030 Agenda for Sustainable Develop-
ment, which included 17 Sustainable Development
Goals (SDGs), an “urgent call for action by all countries”
encompassing “a shared blueprint for peace and pros-
perity for people and the planet, now and into the
future”.5 The multinational conventions that wrote the
SDGs recognized that achieving food security and
ending poverty, malnutrition, and other deprivations
are fundamental to all the other sustainable develop-
ment strategies, such as those that seek to improve
health and education, reduce inequality, mitigate the
climate crisis, and preserve the natural environment.

Each of these policy initiatives underscores the
recognition that all people have a basic right to well-
being that encompasses a basic right not only to food
but also to economic prosperity, human health, social
equity, and healthy ecosystems.

B. Key Issues

Increasing international consensus underscores
the necessity of systemic changes to values, philoso-
phies, and principles to achieve food security, health,
and well-being, and resilience to social, economic, and
climate and other ecological shocks.4,6 This chapter
will outline (1) definitions, measurement, and scope of
food insecurity, hunger, and malnutrition; (2) an overall
conceptual framework for food insecurity including
causes, components, and consequences of food insecu-
rity; and (3) underlying principles and actions needed
to address food insecurity and malnutrition.

II. DEFINITIONS, EXPLANATORY
RELATIONSHIPS, AND SCOPE

This section provides a brief overview of definitions
in the context of evaluating progress in meeting
international goals defined in UN SDGs for 2030 of
ending hunger and all forms of malnutrition.7e9 Defini-
tions used here are described in the most recently avail-
able international consensus documents.10,2,11

A. Food Insecurity and Hunger

The second SDGs commits countries to “End hunger,
achieve food security and improve nutrition and pro-
mote sustainable agriculture.”12 The Food and

Agriculture Organization of the UN (FAO) describes
food security as multidimensional encompassing: (1)
availability of food, (2) access to food, (3) ability to utilize
food, and (4) stability of food with regard to climatic,
economic, social, and political factors. Food security is
a continuum, with food security and food insecurity
positioned at opposite ends.13 Instability can be short-
term, leading to acute food insecurity, or medium-to
long-term, leading to chronic food insecurity.2

Food insecurity is a multifaceted phenomenon, as
described in Fig. 17.1. Definitions have evolved as
deeper understanding and new sources of data have
expanded.12,13 The most common definitions focus on
the household level and include four components: (1)
lack of stability of food supply resulting in a preoccupa-
tion, worry, or uncertainty; (2) Consumption of poor
quality food that may be unsuitable, not culturally
appropriate, unsafe, nonnutritious, or monotonous; (3)
food shortage for one or more family members, or un-
equal distribution of enough food within a household;
and (4) lack of control over food situation resulting in
either restricted choice, socially unacceptable food sour-
ces, or both.12,14 Food insecurity can be assessed at mul-
tiple levelsdindividual, household, regions of a
country, country, and regions of the globe.

Food insecurity is, at its core, an experience of human
suffering. Qualitative studies that have sought to under-
stand people’s lived experience of food insecurity in a
diverse range of cultures have helped to delineate four
common interconnected outcomes of food insecurity.
FAO defines hunger as “an uncomfortable or painful
physical sensation caused by insufficient consumption
of dietary energy.”2 Food insecurity may or may not
lead to individuals experiencing hunger of the body,
the pain, discomfort, and poor appetite that can accom-
pany food restriction.15 Food insecurity can result in
diminished nutritional quality of food eaten by both
adults and children in households, leading to poor
nutritiondlower than necessary intakes of essential nu-
trients such as protein, vitamins, and minerals and
higher than needed intake of high-energy, lowe
nutrient-dense foods.16 Because the food supply is not
adequate or stable, food insecure individuals may report
distorted eating patterns where people do not eat as
frequently or reduce quantity. While food insecure
parents consistently report restricting their own food
consumption to save food for children, if there simply
is not enough, inadequate child or infant feeding and
distorted household dynamics regarding food can
result.17e19 Hunger of the mind describes the psycho-
logical and emotional anguish related to the stresses of
food insecurity intertwined with poverty, ill health,
and exposure to violence. Respondents to qualitative
studies report loss of dignity, shame, embarrassment,
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guilt, powerlessness, stress, fear, alienation, and
trauma.15,20 These experiences of suffering create both
individual and collective trauma that have cultural,
political, and social implications.21

Two measures are used internationally for moni-
toring and surveillance: Prevalence of Undernutrition
and Prevalence of Severe Food Insecurity. For esti-
mating hunger at national and regional levels, the
FAO has traditionally used the indicator prevalence
of undernourishment (PoU). PoU is an estimate of
the proportion of the population whose habitual food
consumption is insufficient to provide the dietary
energy levels that are required to maintain an active,
healthy life. PoU is a percentage based on the cumula-
tive probability that daily habitual dietary energy
intakes are below minimum dietary energy require-
ments.22 Habitual dietary energy intake levels are
computed differently for each country based on avail-
able data. Data sources include nationally representa-
tive household surveys, and estimates of per capita
supply of calories, which are derived from FAO Food
Balance Sheets for most countries. Food balance sheets
estimate the total amount of food available for con-
sumption in a country. Food imported and produced

is documented, as are factors that reduce availability
such as exports, livestock feed, seed, nonfood uses,
and storage and transportation losses.2,22,23 The global
PoU was 10.9% in 2017 affecting 821 million people.2

Some progress had been made, but the prevalence has
been increasing over the past 3 years, reverting to levels
seen over a decade ago.2

The FAO recently expanded the PoU and adopted a
survey instrument based on people’s actual food experi-
ences. The Food Insecurity Experience Scale, based on
the groundwork conducted to develop the 18-item Food
Insecurity and Hunger Scale utilized in the United States
and other countries, is composed of eight simple yes/no
questions that elicit responses along a continuum of
severity.12 The continuum describes experiences begin-
ning with worrying about running out of food, then to
compromising on the quality and variety of food, to
reducing quantities, and, lastly, to skipping meals and
going without eating for days.24 The questions provide
a universal, reliable, and valid metric of the severity of
the food insecurity situation of respondents in different
cultural, linguistic, and development contexts.12

Based on answers to the eight questions, an individ-
ual’s degree of food insecurity is identified. For the

POOR NUTRITION
Inadequate intake of 

calories, protein, vitamins 
and minerals, 

overconsumption of high 
calorie/nutrient poor foods

DISTORTED EATING 
PATTERNS
Eating disorders, 

overeating, undereating,
inadequate infant and 

child feeding

HUNGER OF 
THE BODY
Physical pain, 

discomfort,
sensation of hunger

HUNGER OF 
THE MIND

Psychological suffering, 
alienation, 

trauma, loss of dignity, 
shame, embarrassment, 

guilt, powerlessness, 
frustration

Poor Physical Health
Disease & Disability

Undernutrition
Child Stunting/wasting

Overweight & 
Obesity

Poor work 
capacity

Depression/anxiety &
suicidal thoughts

Micronutrient 
deficiencies

Poor 
academic 

achievement

Risk Taking & 
Negative 
Coping 

Strategies 
(e.g., alcohol, 

drugs)

Violence

Premature 
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POOR QUALITY FOOD
Unsuitable, unsafe, 

non-nutritious, 
monotonous food

FOOD SHORTAGE 
Unequal distribution of
food within household

LACK OF STABILITY
Preoccupation, worry, 

uncertainty about 
food supply

LACK OF CONTROL OVER 
FOOD SITUATION

Restricted choice, socially 
unacceptable food source

HOUSEHOLD FOOD INSECURITY
Livelihood community and/or ecological insecurity - (see FIGURE X.3)

CONSEQUENCES OF FOOD DEPRIVATION

FIGURE 17.1 Components and consequences of household food insecurity.
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purpose of global hunger monitoring, two levels of food
insecurity are tracked: people experiencing moderate
food insecurity typically eat low-quality diets and
might have needed to occasionally reduce the quantity
of food. People experiencing severe food insecurity
would have gone for entire days without eating due to
lack of money or other resources.25 Estimate of the prev-
alence of severe food insecurity based on the FIES was
10.2% in 2017, affecting 770 million people.2,12 It has
increased since 2014 in every region except North Amer-
ica and Europe.2 Among countries surveyed between
2014 and 2015, 41% of children under age 15 years lived
with an adult who faces moderate or severe food insecu-
rity. Moderate food insecurity ranges greatly even in
high-income countries with Japan at the lowest rate at
1% and Uruguay at the highest at 28%. The prevalence
of moderate or severe food insecurity among families
with children in the United States is 20%.26

Since 2004, the international community has benefited
from a common global scale for classifying the severity
and magnitude of food insecurity and malnutrition to
identify populations in need of urgent action to address
food insecurity, the Integrated Food Security Phase Clas-
sification (IPC).11,27 For a given population, IPC uses data
as recent as 2e3 months to evaluate a population group
on three levels: acute food insecurity, chronic food insecu-
rity, and acutemalnutrition. Each level includesmeasures
of severitydfrom non/minimal to catastrophic/famine.
The IPC utilizes multiple information sources in the pub-
lic domain, including direct communication or measure-
ment of individuals at the household level (such as
availability of food, patterns of food consumption, ability
to purchase food, patterns of livelihood, and degree of
stunting in children), and other factors such as drought,
tsunami, below-normal food production, rising food pri-
ces, conflict, and destruction of means of livelihood. Miti-
gating factors such as the availability of humanitarian aid
are also considered.

To interpret the urgency from various sources of com-
plex information, a consensus process is used. In each

participating country, an IPC Technical Working Group
is composed of stakeholders from government, nongov-
ernmental organizations, and representatives from UN
agencies. While extremely valuable for strategic
response, IPC numbers are not intended to be used for
monitoring achievements toward global development
goals.27 The IPC has been incorporated into a larger Early
Warning Early Action Initiative, coordinated by FAO.28

B. Malnutrition

The FAO defines malnutrition as an “an abnormal
physiological condition caused by inadequate, unbal-
anced, or excessive consumption of the macronutrients
that provide dietary energy (carbohydrates, protein
and fats) and themicronutrients (vitamins andminerals)
that are essential for physical and cognitive growth and
development.”29 Thus, malnutrition includes undernu-
trition, overnutrition, and micronutrient deficiencies.2

For the purpose of this chapter, a small subset of indica-
tors of malnutrition will be described, which are
currently measured on a global basis. The international
community has agreed upon these indicators.7,8

Every country is affected bymalnutrition; food insecu-
rity and malnutrition in all its forms are responsible for
more ill health than any other cause.10,30 Children, espe-
cially children under 5 years of age, are extremely vulner-
able to malnutrition (see Box 17.1). Even if children
survive and recover from early malnutrition, their cogni-
tive ability can be irrevocably damaged, physical devel-
opment impaired, and risk of obesity and chronic
diseases later in life elevated.31 Monitoring for childhood
malnutrition focuses, first, on undernutrition, which con-
tributes to 45% of deaths of children under 5 years of
age.32,33 Maternal and child undernutrition contributes
tomore than 10% of the world’s disease burden.34Under-
nutrition is the result of insufficient or poor quality food
intake but can also result from an unsanitary environ-
ment that exposes children to repeated infections
leading to poor absorption or utilization of the nutrients

B O X 1 7 . 1

Global Prevalence of Malnutrition in Children Under 5 Years of Age as of 2017e18

• Wasting (7.3%)d49 million affected, of whom 17 million are severely wasted.31

• Stunting (21.9%)d149 million affected.31

• Stunting D wasting (3.62%)dalmost 16 million affected.35

• Overweight (5.9%)d40 million affected.31

• Trend: Malnutrition in all its forms remains unacceptably high across all regions of the world. Some
reductions have been seen in the prevalence of stunting, but not in wasting. The number of overweight
children has increased steadily since 2000.31
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consumed. The interactions between infection and nutri-
tion create a cycle whereby poor diets compromise
immune functionmaking childrenmore susceptible to in-
fections; at the same time, infections can decrease
nutrient absorption, worsening nutritional status.36

Wasting in children under age 5 (acute malnutrition)

A child who suffers from wasting has a weight that is
much lower than expected for her or his height. Wasting
is generally the result of weight loss or failure to gain
weight associated with a recent period of inadequate
calorie intake and/or disease. Children suffering from
wasting have weakened immunity, are susceptible to
long-term developmental delays, and face increased
risk of death, particularly when wasting is severe (12-
fold increase in risk).31,37 Wasting is defined as weight-
for-height less than 2 standard deviations below the
WHO Child Growth Standard median. Wasting is classi-
fied as severe at less than 3 standard deviations below
the WHO Child Growth Standard median.2,31,38

Stunting in children under age 5 (chronic malnutrition)

A child who is stunted has a height much lower than
expected for her or his age and is defined as height or
length-for-age less than 2 standard deviations below the
WHO Child Growth Standards median.2,38 Stunting is
the devastating result of long-term nutritional deprivation
since conception caused by recurrent infections, lack of
water, and/or sanitation infrastructures. Children
suffering from stunting may never attain their full
possible height and their brains may never develop to
their full cognitive potential.31 Stunted children have a
higher risk of obesity and chronic disease later in life. Chil-
dren with severe stunting have a fivefold risk of dying.37

Wasting and stunting are interrelated. A child expe-
riencing wasting is more likely to become stunted, and a
stunted child is more likely to become wasted.39 Chil-
dren who are concurrently wasted and stunted may
have even greater mortality risk than those with either
wasting or stunting.35,37,39

Overweight in children under 5

An overweight child is too heavy for his or her height.
For international monitoring, children under 5 are clas-
sified as overweight if their weight-for-height is more
than 2 standard deviations above median.38 This form
of malnutrition results when a child’s energy intakes
from food and beverages exceed the child’s energy re-
quirements. Overweight in children is a concern because
it increases risk for some chronic diseases later in life.10

However, overweight andmalnutrition are not mutually
exclusive. Consumption of foods of low-nutrient quality
can result in micronutrient deficiencies. Although the
precise mechanism is not fully understood, 1.8% of un-
der 5 years of age globally (8.23 million children) expe-
rience both stunting and overweight.40,41

Micronutrient deficiency and anemia in women of
childbearing age

Micronutrient deficiencies are defined as suboptimal
nutritional status caused by a lack of intake, absorption,
or use of one or more vitamins or minerals. For the pur-
pose of international malnutrition monitoring, the preva-
lence of anemia, a sign of micronutrient deficiency, in
women of childbearing age is monitored in most coun-
tries. anemia is prevalent globally, disproportionately
affecting children and women of reproductive age. Iron
deficiency is one of the most common causes of anemia42;
it can also be caused by deficiencies of folic acid and/or
vitamin B12 or by nonnutritional causes such as cancer
and sickle cell anemia.10,2,43 Whatever its specific cause,
anemia negatively affects cognitive and motor develop-
ment. Among pregnant women, iron deficiency anemia
is associated with adverse reproductive outcomes,
including preterm delivery and low birth weight among
infants.44 It is estimated that 1.5 billion people in the
world are affected by one or more forms of micronutrient
deficiency.30,2 In 2016, 32.8% (632.6 million) of child-
bearing age women were anemic, 35.3 million of which
were pregnant.43 Prevalence has risen incrementally
each year since 2012. No progress has been made toward
2030 goal of a 50% reduction.

Underweight in women of childbearing years

Because of the importance of nutritional status for
women of childbearing age, which can profoundly affect
the health and survival potential of her children and their
families, prepregnancy underweight is measured as a risk
for preterm and low birth weight babies.10 Moderate un-
derweight in adults is defined by a body mass index
(BMI) less than 18.5, while severe thinness or under-
weight in adult populations is defined as a BMI less
than 17.0.10 Although not currently monitored for the
SDGs, moderate underweight increases illness, and severe
underweight is associated with dramatic increases in
mortality.10

Overweight and obesity in adults

Overweight and obesity in adults refers to body
weight above normal for height as a result of an exces-
sive accumulation of fat. In adults, overweight is
defined as a BMI of more than 25 kg/m2 but less than
30 kg/m2 and obesity as a BMI of 30 kg/m2 or more.2

(Note: Though a rough estimate, BMI provides a
population-level measure of overweight and obesity
for both sexes and for all ages of adults.)45 High BMI
(including overweight/obesity) and high waist-to-
height ratio are risk factors for chronic diseases such
as cardiovascular disease, type 2 diabetes, chronic kid-
ney disease, cancer, and musculoskeletal disorders.46,47

Prevalence of obesity has nearly tripled since 1975.
38.9% of adults (1.9 billion) are overweight, of whom
13.1% are obese (650 million).
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C. Global Nutrition Transition and Triple
Burden of Malnutrition

As countries undergo economic globalization, the
food supply transitions from subsistence agricultural
production to imported food markets of energy-dense,
nutrient-poor foods.36 Twelve commodity plant crops,
primarily wheat, corn, and sugar, have in many cases
replaced diverse diets of native foods; this nutrition
transition that shifts the way the people eat and drink,
as well as reduced levels of physical activity, is seen in
both urban and rural areas of the world.36,48e52 World-
wide, most places have dietary patterns that include
higher intakes of animal foods, sugars, highly processed
foods, and lower intakes of fiber-rich plant foods. This
transition gradually leads to increased energy intake
leading to increasing rates of noncommunicable chronic
diseases, such as obesity and diabetes, while at the same
time resulting in micronutrient deficiencies. The coexis-
tence of food insecurity, undernutrition, and overweight
and obesity is now referred to as the “triple burden” of
malnutrition.36,53

D. Mechanisms of Physical and Psychological
Consequences of Food Insecurity and
Malnutrition

Food insecurity, hunger, and malnutrition create con-
sequences through nutritional and nonnutritional path-
ways. Food is a fundamental need, but only one of the
needs that people have for survival and to participate
in society. Other deprivation can be related to war,
oppression or conflict, or important societal systems
such as health care, education, housing, and ecosystems.
These systems are determined by the fundamental
causes described in the next section and can intersect
with food deprivation to ameliorate or exacerbate
consequences. Fig. 17.1 illustrates the interrelationships
between the components of food insecurity, malnutri-
tion, and consequences including undernutrition, over-
weight and obesity, micronutrient deficiencies, premature
mortality, poor physical health, depression anxiety and
suicidal thoughts, poor work capacity, poor academic
achievement, risk taking, and negative coping strategies
and violence.

The most direct way to understand the health effects
of food insecurity is through how food insecurity affects
the quality of food people can buy or grow, which in
turn is associated with poor diet quality, nutrient inade-
quacies, and chronic health conditions such as diabetes,
poor self-rated health, and depression.54,55 Additionally,
adults report making “trade-offs” between paying for
health care and medications or food, and this makes it
difficult to adhere to recommended treatment of chronic
diseases such as HIV/AIDS, diabetes, and cancer.56e59

Food insecurity and malnutrition affect physical,
mental, and emotional health and cognitive well-being
across the life span.60 Food insecurity during pregnancy
affects the intrauterine environment, which has an impact
on birth outcomes.61 When young children are food inse-
cure, their social, cognitive, and emotional development
falters, diminishing their ability to start school well-
prepared. The health effects of food insecurity and
malnutrition are most pronounced among young chil-
dren during the first 3e5 years of life when significant
growth and development are taking place. Inadequate
or interrupted food intake, even for a short time, can
cause long-lasting health problems such as iron-
deficient anemia,62 increased symptoms of respiratory
illness, and other types of infections that are associated
with increased hospitalizations and overall poor health
status.63,64 Compared to young children living in food
secure households, children living in food insecure
households have limited cognitive, emotional, and social
development.65 Not only does developmental risk affect
their quality of life but also negatively affects school read-
iness and subsequent success later in life.66 Food insecu-
rity has similar impacts on school-age children and
adolescents.67 When compared to similar school-aged
children in food-secure households, children in food-
insecure households were more likely to repeat a grade,
have lower reading and math scores, to report challenges
in their social relationships,68,69 and were more likely to
exhibit both internalizing and externalizing behavioral
problems.70 The negative consequences can proceed
from there, through the school years, to adolescence,
and can then translate into greater risk-taking behaviors,
such as having many sexual partners, drug and alcohol
abuse, greater exposure to violence, and high-risk preg-
nancy, affecting the next generation in turn.71 Like the
youngest children, adolescents are in a critically impor-
tant developmental window, and if they are in food-
insecure homes, they can struggle with poor mental
health and suicidal ideation.72e74 While household food
insecurity affects the children, poor child health can in
turn decrease household income by affecting their care-
givers’ ability to maintain steady employment.75,76

Though many believe that parents shield their chil-
dren from experiencing food insecurity,77e79 research
among children showed that despite their parents’ at-
tempts to protect them, school-aged children are aware
of food insecurity, find ways to manage household
food, and can feel helpless and angry when they have
to go without food.18 Among adults, food insecurity is
associated with adverse mental health outcomes.80

Food insecurity is associated with depressive symp-
toms, major depression, and anxiety among mothers,
which may negatively affect child health outcomes.81

Mothers who report depressive symptoms experience
more employment difficulties.82,83
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These serious health consequences of food insecurity
andmalnutrition cannot be considered without address-
ing the underlying dynamics in family systems, as well
as in their economic, social, and political contexts. A sig-
nificant consideration of family dynamics of food inse-
curity, poor health, and depression is exposure to
violence and trauma. In studies of current and recent
exposure to violence, intimate partner violence was
found to be associated with increased odds of food inse-
curity among women,83,84 and depressive symptoms
may mediate this association.84 Exposure to abuse,
neglect, or household instability in childhood is also
linked with food insecurity in adulthood. In several
studies, women exposed to childhood abuse and/or
violence throughout their lives were more likely to
report food insecurity compared with those who had
not.85,86 Women who report experiencing posttraumatic
stress disorder or associated symptoms are more likely
to report household food insecurity.70,84,87 Such expo-
sure to violence indicates that gender discrimination
can reverberate throughout the family through violence,
trauma, and food insecurity. Gender discrimination is
also at play when considering women’s wages
compared men’s, as well as the disparities in wages be-
tween women of color and those who are white. Hence,
exposure to violence in the families that are associated
with food insecurity is also directly related to gender
and racial/ethnic discrimination in society.88e91

III. CURRENT STATUS OF FIELD
(DOMESTICALLY AND
INTERNATIONALLY)

A. Causes of Food Insecurity, Hunger, and
Malnutrition

Resilience-based framing and the stress adaption
process

Most food security research literature views house-
holds through a deficit-based lens, characterizing the
seemingly immutable causes of food insecurity, related
to issues such as lack of education, limited social net-
works, depression, household structure such as single-
parent homes, unemployment, and low wages.81,92,93

For example, children in the United States are more
likely to be food insecure if they live in certain house-
hold structures, including households headed by a sin-
gle mother, classified as black or Hispanic, in large
metropolitan areas, in the South, with older children
and with incomes below 185% of the poverty level.92 A
worldwide study examined the global determinants of
food insecurity and found that education, social net-
works, and social capital were the strongest determi-
nants.26 These studies focused on the deficits in

individuals, households, communities, and states,
creating an almost overwhelming list of correlates of
food insecurity. There is a connective tissue underneath
all of these correlates. As shown in Fig. 17.2, we offer an
organizing framework for these findings that points to
deeper determinants of food insecurity.

Jean Drèze and Amartya Sen suggest that hunger is
about “who has control over what.”94 The fact that a so-
ciety can have plenty of food yet still have people report-
ing that they are food insecure suggests that hunger is
not only about lack of food per se but is rather about
but people’s lack of power to access food either through
equitable access to land and water or the money to
secure food. It follows that if people had more control
over their own lives, they would be able to secure the
necessary food for themselves. People’s ability to be
resilient in the face of adversity should point to new
ways of fostering potential solutions to food insecurity.

All of the factors described through the deficit-based
lens can be better framed through resiliency. Resilience
is defined as the “ability of any systemdhousehold,
community, ecosystemdto withstand shocks and posi-
tively adapt.”95 In the psychology literature, theories
such as family adjustment and adaptation response
model describe how households balance their demands
and capabilities in the face of stressful life events to
achieve positive outcomes. A resilience frame can
fundamentally alter the focus of food insecurity by
recognizing food insecure families as challenged or
overwhelmed by disruptive or traumatic events, rather
than deficient or dysfunctional.95

Many of the correlates of household food security,
when framed through resiliency, would be considered
as part of a stress adaptation process. For instance, the
number of stressful life events experienced in the past
year and the types and severity of stressful life events
are all associated with food security. Experiencing life
events laden with economic stress (e.g., losing a job,
reduction in hours, changing jobs) resulted in a 54%
increased odds of food insecurity in one study.96 Like-
wise, family or personal stressful life events (e.g., a
parent’s death) increased the odds of household food
insecurity by 22%. In the same study, households with
higher incomes, higher Special Supplemental Nutrition
Program (SNAP) benefit levels, and greater social sup-
port were able to avoid child hunger in the face of stress-
ful life events.95 Other studies also have found that food
insecurity is associated with stressful life events.97

Temple found in a nationally representative study of
Australians that food insecurity was associated with
life events laden with social stress, such as witnessing
violence or being a victim of discrimination or a violent
crime, or the stress associated with, or as a result of, hav-
ing a mental illness, a serious disability, or serious
illness, or having an accident.98 Social stress can also
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include historical or current colonialism, racism, and
discrimination.

Such stressors have been analyzed in the political eco-
nomic context of the growing hegemony of global
neoliberalism. Neoliberalism is a resurgence of laissez
faire liberalism and freemarket capitalism ideas popular
in the 19th century. In this type of political economy, the
emphasis is on a variety of approaches to economic
liberalization including: privatization, austerity, deregu-
lation, trade liberalization, free trade, and extractivism
resulting in ecological degradation.

Privatization takes activities done in the interests of
the public, such as food distribution, and allows private
interests to pursue profits in that activity and shift pay-
ment for such activity to individual citizens. For
example, since 1996 in the United States, states can
spend Temporary Assistance for Needy Families public
dollars to purchase private contractor services rather
than only in direct assistance to poor families.99 Of the
estimated $233,610 2015 dollars needed to raise a child
(similar in both the United States and Sweden), public
expenditures are heavily privatized in the United States,
so that only 0.7% of US GDP is spent on public family
benefits while 3.6% of Swedish GDP is spent on public
support for parental leave, daycare, preschool, public

school, afterschool activities, summer camps, colleges,
and other supports.100 As a result, children are more
vulnerable to income shocks in the US.101,102

Austerity policies are designed to reduce government
services presumably to keep the tax burden on private
entities low and often are implemented when govern-
ment’s debt burdens can no longer be serviced. For
instance, European Union countriesdIreland, Italy,
Spain, and Greecedall agreed to massive cuts in public
spending on their social safety nets as part of their debt
restructuring agreements with the International Mone-
tary Fund and the EU Central Bank. After these mea-
sures were imposed, the proportion of people who
were found to be food insecure (using a proxy measure)
across Europe increased from 8.7% to 10.9%, an increase
of 13.5 million people.103

Deregulation of industries refers to a wide variety of
rules that governments usually manage to ensure the
public good. Many of them might affect food insecurity,
but one of the most significant examples is the de facto
deregulation of a federal minimum wage in the United
States, which has not increased in 27 years. An economic
analysis by the Century Foundation suggests that if
instead of deregulating minimum wages, a policy that
gradually increased wages in the United States to $15
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per hour by 2025 would reduce food insecurity by
6.5%.104 In this analysis, variations between federal
and state minimum wage laws were used to model a
gradual increase in wages over 8 years and the numbers
of people predicted to become food secure with each in-
crease, based on state estimates of the prevalence of food
security.

Trade liberalization policies have been unevenly
enacted globally, with the United States, Europe, and
Japan endorsing strong protectionism for their own agri-
culture sector while encouraging trade liberalization in
other countries. Trade liberalization has been the pri-
mary focus of the World Bank, the FAO, and the UN
as a strategy to reduce global hunger. Otero and col-
leagues have found that trade liberalization policies
effectively create relationships of dependency in which
economically dominant countries, such as the United
States, import “luxury foods,” such as fruits and vegeta-
bles, while protecting grain and meat markets. Trade
partners, such as Mexico, Turkey, and Brazil, on the
other hand have shifted their diet toward more im-
ported grains and meats and produce less of the food
that their citizens eat. Stable and resilient economic
growth are considered important factors in ensuring
food security, but 78% of malnourished children live in
countries with food surpluses.105 As more and more
economies adopt neoliberalism ideologies, farmers shift
from subsistence production and managing commons to
privately held land and commodity production. Simply
put, neoliberal policies encourage people to sell crops
and/or labor to buy food instead of promoting self-
sufficiency.

Free trade policies are those that emphasize little gov-
ernment role in how goods are exchanged across
counties.106 Suweis, Carr, Maritan et al. (2015) argue
that international trade coupled with growing popula-
tions destabilizes local food systems making food inse-
curity more likely. Free trade agreements are
internationally enforceable laws that can limit citizens’
abilities to respond to food security crises. Free trade
policies that opened up rice markets in Asia, for
instance, led to increased hunger and poverty in
Indonesia, Ghana, and Honduras.107 Free trade agree-
ments often include the so-called investor-state dispute
settlement agreements that allow investors to sue states
if they pass laws that discriminate against a business.
When Mexico sought to ensure nutritional security by
reducing sweetened beverage consumption through a
soda tax, they were sued by Corn Producers Interna-
tional, Cargill, and Archer Daniels Midland and paid
millions in fines for discrimination against high-
fructose corn syrup.108

The type of economic development that accompanies
the neoliberal political economic development is
focused on the extraction of natural resources from an

environment. Extractionism has multiple implications
for food security, as land and forests that were natural
food sources for local populations become sources of
minerals, timber, or energy that are traded on free mar-
kets and phosphorous and nitrogen are extracted to
create chemical fertilizers. Extractionism also impacts
our ability to produce food locally as the mining and
by-products of extractionism cause ecological and envi-
ronmental degradation of water, fisheries, land cover,
soil, and air.109 Food insecurity currently is an issue of
poorly distributed resources, but in the ecology litera-
ture, food security is defined as “maintaining produc-
tion of sufficient and nutritious food in the face of
chronic and acute environmental perturbations.”110

The climate and loss of nature crises facing the earth,
resulting in more frequent and intense weather events,
and loss of important food resources such as topsoil
and ocean life have already become significant drivers
of hunger and undernutrition.6,111,112 Countries whose
agriculture systems exhibit greater sensitivity to rainfall
and temperature variability and those more dependent
on fishing and subsistence agriculture are at increased
susceptibility.4

Many scholars also point to the looming ecological
challenges of human-generated inputs to food produc-
tion, such as fertilizing crops with mined phosphorous
and irrigating with redirected rivers. Ensuring a sustain-
able food supply therefore requires a variety of so-called
ecosystems services. Bommarco and colleagues describe
the ecosystem services required to support food security
as soil formation and nutrient cycling, biological pest
controls, and crop pollination. Specifically, they identi-
fied the well-documented declines in the organic matter,
which are a consequence of fertilization and irrigation.
Organic matter feeds microbial communities in soils.
These microbial communities increase the nutrient con-
tent, and water-holding capacity reduces erosion and ul-
timately supports higher productivity and efficiency of
crops.Weeds and animal pests cause about 30% ofmaize
and 14%e35% of wheat losses worldwide.113 Chemical
controls have not reduced these losses, and ecological
management techniques that maintain beneficial checks
and balances on pest populations are important
ecosystem services for food security. Lastly, about 75%
of all food crops require a pollinator to produce foods.
Honeybees currently provide most pollination services
for crops, and their population declines along with other
wild pollinators are a cause of crop yield declines in
some areas.

B. Moving Toward Food Security

As described in the previous section, food insecurity
is not solely due to a lack of food production or availabil-
ity but rather to the unequal and unjust distribution of
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people’s entitlements to social, economic, and agroeco-
logical support.114 Food insecurity is a symptom of mul-
tiple crises in social, economic, political, and ecological
systems. These crises have out-paced conventional ap-
proaches to food insecurity worldwide. In order to
address food insecurity, governments, community
leaders, scientists, and civil society must address the un-
derlying causes that take into account the dynamics of
neoliberalism. These societal and political forces cause
greater vulnerability that make and/or keep people
marginalized, poor, and that test the resilience of indi-
viduals and communities to resist, adapt, and thrive.

Governments can implement policies and programs
to improve food security worldwide, which are either
“nutrition specific” or “nutrition sensitive” as described
in Box 17.3. In the global North, many countries such as
Sweden, Norway, the Netherlands, and Germany have
robust social systems that support families and prevent
deep poverty. In the United States, there are examples of
nutrition assistance programming that help treat and
limit food insecurity but do not eradicate it. Each in
their own right, the US SNAP, the Special Supplemental
Nutrition Program for Women, Infants, and Children,
and school meals programs have helped to reduce
food insecurity and improve health.16 However, these
nutrition support programs have not and will not fully
protect households against food insecurity without a
comprehensive, nationwide strategy to ensure equitable
reach and coverage, especially for indigenous, immi-
grant, and otherwise marginalized communities who
are struggling with low wages and lack of steady, pre-
dictable, and well-paying employment.115 Similarly, in
the United Kingdom, recent austerity measures and gov-
ernment sanctions have been poorly administered.116,117

Widespread inadequate supports for families have
spurred the institutionalization of emergency food pro-
vision against the will of large sectors of society.
Australia is experiencing similar dynamics.118 In the
global North, support systems for families are becoming
more and more frayed. Simultaneously, trade agree-
ments around the world help to facilitate the march of
multinational corporations, which claim to address hun-
ger through donations to emergency efforts, promotion
of fortified and genetically altered, patented seeds, and
the use of antibiotics, growth hormones, and pesticides.
However, these efforts are causing more ecological
devastation and further diminish the power and agency
of people who are poor.

Organizations, politicians, and community leaders
are demanding and promising transformative ap-
proaches to deep poverty and hunger. These approaches
adopt a human rights framework and link human rights
to environmental sustainability, as can be seen in the
SDGs (see Box 17.2). Currently, there are growing ap-
peals to the rights of nature to ensure that humans and
all other species may survive and thrive with enough
food, water, soil, and clean air to sustain life on the
planet. Policy protections provided through the intersec-
tion of human rights and the rights of nature can create
resilient societies (Fig. 17.3).

C. Basic Human Rights, Rights of Nature, and
Food Sovereignty

A human rights approach to address malnutrition has
captured international attention since the international
community agreed on the 1945 Universal Declaration
of Human Rights (UDHR). Over the following decades,
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International Resources for Nutrition Planning

• Sustainable Development Goals https://sustainabledevelopment.un.org
• WHO OneHealth Tool https://www.who.int/choice/onehealthtool/en/
• e-Library of Evidence for Nutrition Actions (eLENA) https://www.who.int/elena/en
• WHO guidelines for providing nutrition in emergencies https://www.who.int/nutrition/topics/

emergencies/en/
• Nutrition in health response in emergencies: WHO perspectives and developments https://www.

ennonline.net/fex/56/nutritionhealthresponsewho
• Core Humanitarian Standard on Quality and Accountability https://corehumanitarianstandard.org/
• Voluntary Guidelines to Support the Progressive Realization of the Right to Adequate Food in the

Context of National Food Security, Adopted by the 127th Session of the FAO Council in November 2004
http://www.fao.org/3/a-y7937e.pdf
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the UDHR bifurcated into two international covenants
that have been ratified by most UN member states: the
International Covenant of Civil and Political Rights,
and the 1966 International Covenant on Economic, So-
cial, and Cultural Rights. A human rights approach to
food, according to the UN Economic and Social Council,
aims to ensure that every person, alone or in community
with others, has physical and economic access at all
times to adequate food or means for its procurement.
The right to food does not necessarily require govern-
ments to provide food directly. Rather, it obligates gov-
ernments to respect the right (not prevent people from
obtaining food), protect the right (ensure others do not
prevent people from obtaining food), and fulfill the right
(provide what is necessary for people to nourish
themselves).119,120

Viewing food security as a human rights issue means
that ensuring good nutrition should not be left to

benevolence or charity but instead should be viewed
as a duty and obligation of a country to its
people.121,122 Central to the human rights approach is
ensuring that, at the level of states and or nations, there
is a national plan to respect, protect, and fulfill the right
to food, and a comprehensive approach to ensure partic-
ipation of many stakeholders (especially those who are
most affected by food insecurity), in the development
of solutions, as well as for redress and repair when the
right to food is violated. This demands national mea-
surement mechanisms for monitoring and account-
ability. Some countries (including the United States)
have mechanisms for monitoring but still lack a national
plan.

Nation state structures are not the only platform
through which to protect, respect, and fulfill the right to
food. There is a growing surge of grassroots groups that
are connecting in spirit and in action to advance the rights
of nature in order to protect their lands and rivers, and
thereby their food and water. Further consideration that
recognizes peoples’ right to participate in food systems
decision-making and the necessity of caretaking and sus-
taining the natural resources needed for food production
is encompassed in the growing international Food Sover-
eigntymovement. Food sovereignty is defined by move-
ment leaders as the “right of peoples to health and
culturally appropriate food produced through ecologi-
cally sound and sustainable methods, and their right to
define their own food and agricultural systems.”123

The Rights of Nature is a burgeoning area of earth
law that promotes the concept of the rights of ecosys-
tems to exist, persist, and flourish.124 Rights of nature
arise from indigenous and traditional understandings
of human food systems and have been written into
laws in countries, such as Bolivia, Ecuador, and New
Zealand.125e127 When the rights of a natural ecosystem,

Human 
Rights

Nature 
Rights

RESILIENCE

FIGURE 17.3 Resilience is achieved through protection of human
and nature rights.

B O X 1 7 . 3

Nutrition-Specific and Nutrition-Sensitive Investments

The 2018 Global Nutrition Report describes nutrition-specific and nutrition-sensitive investments:

“Nutrition-specific investments are considered high impact nutrition interventions that address
the immediate determinants of malnutrition. The 2013 The Lancet Series on Maternal and Child Nutri-
tion recommends 10 direct interventions such as micronutrient supplementation or fortification, acute
malnutrition treatment and exclusive breastfeeding and complementary feeding of young children.

Nutrition-sensitive investments address the underlying causes of undernutrition. They include
actions from a range of sectors including: health, agriculture and food systems, water, sanitation
and hygiene promotion (WASH), education and social protection. Such examples of investments
might include improving the purchasing power of women, improving access to food, diversifying
agriculture, advancing biofortification, promoting healthy diets, supporting breastfeeding and
improving access to WASH.”1(p.98)
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such as a forest or river, are recognized, then advocates
and regular citizens have legal recourse to protect the
ecosystem against degradation and extractivism.128

The rights of nature bring forth a sense of a global plan-
etary citizenship that transcends state boundaries and is
increasingly being incorporated into the food sover-
eignty movement.129 As the neoliberal enterprise shifts
control of food security away from households, commu-
nities, and states toward multinational corporations and
global organizations, some countries and communities
are responding to this lack of control by asserting their
food sovereignty. La Via Campesina, an organization
that brings together peasants, farmers, landless people,
rural women and youth, indigenous people, migrants,
and agricultural workers, and the governments of
Ecuador and Bolivia have resisted neoliberal food re-
gimes in their communities and countries by advancing
the rights of nature and food sovereignty.126,130 The
Global Alliance for the Rights of Nature was formed in
2010, and at the UN, the Rights to Harmony with Nature
were officially recognized. Within these efforts against
the conventional and powerful geopolitical tides,
ecological and human concerns become central to hu-
man well-being and geopolitics, instead of profits, capi-
tal, or accumulated wealth. Examples of cases won
against government and multinational organizations
through the utilization of the rights of nature in national
and international courts are growing around the world.

A human rights approach is harmonious with the
broader framework of the Rights of Nature and can be
fundamental to advancing the opportunity for healthy
nutrition and freedom from hunger in the decades to
come (see Fig. 17.2). In order for these mechanisms to
assist in efforts to address food insecurity, different
values are starting to prevaildthese are values of soli-
darity, cooperation, humility, and the decentering of hu-
man beings in order to ensure our own safety and
security.91,131

D. Civic Engagement

Civic engagement can help to mobilize ordinary citi-
zens, experts, and policymakers alike to create meaning-
ful policy solutions that can reduce and ultimately put an
end to food insecurity.120 Such civic engagement can
range from taking action to support people in our own
surroundings in accessing food, to engaging with local
food policy boards, engaging in advocacy around labor,
nutrition, housing, and other supports, and demanding
better, more accountable programming at all levels of
government. But we must go beyond these ad hoc and

conventional approaches to poverty and basic needs to
an approach to human health and nutrition that is con-
tained within planetary health and boundaries.

These new values may take many years to take hold
as it is still quite challenging to encourage people to
adopt a human rights approach, especially in the
high-income countries most responsible for degrada-
tion of the planet and for hoarding wealth. But there
is hope. The advancement of the Paris Agreement of
2015, the movement of young people to demand action
on climate change, and the coming together of dispa-
rate communitiesdincluding indigenous people who
have long known the struggle against centuries of
domination, violence and exploitation, youth, climate
scientists, public health professionals, and citizens con-
cerned with everyday safetydpoint to new levels of
civic engagement that might be enough to sway current
cultural assumptions of the dominant elite around the
globe. Efforts such as the Participation and the Practice
of Rights in Northern Ireland, the Detroit Black Com-
munity Food Security Network, the Southern Rural
Black Women’s Initiative for Economic and Social Jus-
tice and other organizations of the US Human Rights
Network, the international campaign, La Via Campe-
sina, which advocates for food sovereignty, and the
Right to Food Coalition in Australia are just a few of
many examples where economic social and cultural
rights are being advanced by civil society despite cul-
tural, social, and political domination by neoliberal
leaders and corporate CEOs. Ways of working with
people to help advance this consciousness is through
social media, and other types of media, but there is
also strength and meaning created through in-person
democracy schoolsdor informal educational sessions
designed to improve the critical consciousness of
everyday citizens.132

IV. CONCLUSION

The high health, social, and economic costs associated
with food insecurity have motivated many actors to
commit to ending hunger. Hunger is caused by a lack
of access to money to purchase food, clean land and wa-
ter to grow food, and geopolitical stability. The primary
driver for these global conditions is a neoliberal model
of economic activity. Transforming human relationships
to ensure the right to food will involve ensuring the
rights of people and nature, honoring the resilience
and wisdom of food insecure people and engaging their
leadership, and a commitment to build every commun-
ity’s food sovereignty.
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RESEARCH GAPS

Transformative political and social change is needed to address food insecurity, malnutrition, and hunger, and
we need new ways of carrying out research that take a resilience, strength-based approach, and recognize the
importance of many societal processes that cause and exacerbate food insecurity.4,91,133 In addition, research
strategies should be inclusive of perspectives of those who have experienced food insecurity first hand who
provide invaluable expert insight into dynamics and solutions. Collaboration between experts with lived
experience and professionals from a variety of disciplinesdincluding politics, history, anthropology, eco-
nomics, systems thinking, psychology, agroecology, war, and othersdwill enhance our knowledge and
engender new solutions to hunger.

Research topics should include special attention to system thinking and interventions that build resilience
and prevent food insecurity and go beyond measuring calories, food trade, and specific micronutrients to
consider food security and well-being on a broad scale. Some of these may include ensuring that women
have greater opportunities to express their wisdom and power in identifying solutions or ensuring that people
who have been marginalized, especially those who also have expertise of knowledge about restorative ecology,
sustainable agriculture, and in improving water conditions, can be leading investigations. Finally, with the un-
derstanding that neoliberal systems are at the root of household food insecurity, looking to other forms of social
organization and economics should be paramount. This includes carrying out research on the effectiveness of
the sharing economies (such as mutual aid societies) and solidarity economies (such as farm cooperatives) on
improving food security, resilience, and well-being.
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94. Drèze J, Sen A. Hunger and Public Action. Oxford: Clarendon Press
Oxford; 1991. https://www.wider.unu.edu/publication/hunger-
and-public-action. Accessed July 31, 2019.

95. Jones SJ, Draper CL, Bell BA, et al. Child hunger from a family
resilience perspective. J Hunger Environ Nutr. 2018;13(3):
340e361. https://doi.org/10.1080/19320248.2017.1364189.

96. Drucker ER, Liese AD, Sercy E, et al. Food insecurity, childhood
hunger and caregiver life experiences among households with
children in South Carolina, USA. Public Health Nutr. 2019:1e10.
https://doi.org/10.1017/S1368980019000922.

97. MartinMS,Maddocks E, Chen Y, Gilman SE, Colman I. Food inse-
curity and mental illness: disproportionate impacts in the context
of perceived stress and social isolation. Public Health. 2016;132:
86e91. https://doi.org/10.1016/j.puhe.2015.11.014.

98. Temple JB. The association between stressful events and food insecu-
rity: cross-sectional evidence from Australia. Int J Environ Res Public

Health. 2018;15(11). https://doi.org/10.3390/ijerph15112333.
99. In the Public Interest. How Privatization Increases Inequality. Section 3:

Privatization of Critical Social Safety Net Services; 2016. https://
www.inthepublicinterest.org/wp-content/uploads/InthePubli-
cInterest_Inequality_Sec3_Sept2016.pdf. Accessed July 31, 2019.

100. Eichner M. The privatized American family. Notre Dame Law Rev.
2017;93(1). https://www.ssrn.com/abstract&equals;3060815.

101. Ziliak JP, Hardy B, Bollinger C. Earnings volatility in America:
Evidence from matched CPS. Labour Econ. 2011;18(6):742e754.
https://doi.org/10.1016/j.labeco.2011.06.015.

102. Hardy BL. Childhood income volatility and adult outcomes.
Demography. 2014;51(5):1641e1665. https://doi.org/10.1007/
s13524-014-0329-2.

103. Stuckler D, Reeves A, Loopstra R, KaranikolosM,McKeeM.Auster-
ity and health: the impact in the UK and Europe. Eur J Public Health.
2017;27(suppl_4):18e21. https://doi.org/10.1093/eurpub/ckx167.

104. Rodger III WM. The Impact of a $15 Minimum Wage on Hunger in
America; 2016. https://tcf.org/content/report/the-impact-of-a-15-
minimum-wage-on-hunger-in-america/. Accessed July 31, 2019.

105. Ingram J, Erickson P, Liverman D. Food Security and Global Environ-
mental Change. 1st ed. London ; Washington, DC: Routledge; 2010.

106. Suweis S, Carr JA, Maritan A, Rinaldo A, D’Odorico P. Resilience
and reactivity of global food security. Proc Natl Acad Sci. 2015;
112(22):6902e6907. https://doi.org/10.1073/pnas.1507366112.

107. Paasch A. In: Garbers F, Hirsch T, eds. Trade Policies and Hunger.
Geneva: Ecumenical Advocacy Alliance; 2007. https://www.
etoconsortium.org/nc/en/main-navigation/library/docu-
ments/?tx_drblob_pi1&percnt;5BdownloadUid&percnt;
5D&equals;42. Accessed July 31, 2019.

108. Siegel A. NAFTA largely responsible for the obesity epidemic in
Mexico. Wash Univ J Law Policy. 2016;50(1):195e226.

109. Svampa M. Resource extractivism and alternatives: Latin Amer-
ican perspectives on development. J für Entwicklungspolitik. 2012;
28:117e143. https://doi.org/10.20446/JEP-2414-3197-28-3-43.

110. Bullock JM, Dhanjal-Adams KL, Milne A, et al. Resilience and
food security: rethinking an ecological concept. J Ecol. 2017;
105(4):880e884. https://doi.org/10.1111/1365-2745.12791.

111. Bindraban PS, van der VeldeM, Ye L, et al. Assessing the impact of
soil degradation on food production. Curr Opin Environ Sustain.
2012;4(5):478e488. https://doi.org/10.1016/j.cosust.2012.09.015.

112. Nagy GJ, Bidegain M, Caffera RM, Lagomarsino JJ, Ponce A, Sen-
ción G. Adaptive Capacity for Responding to Climate Variability and
Change in Estuarine Fisheries of the Rio de la Plata: 16.

113. Bommarco R, Kleijn D, Potts SG. Ecological intensification:
harnessing ecosystem services for food security. Trends Ecol Evol.
2013;28(4):230e238. https://doi.org/10.1016/j.tree.2012.10.012.

114. Sen A. Ingredients of famine analysis: availability and
entitlements. Q J Econ. 1981;96(3):433e464.

115. National Commission on Hunger. Freedom from Hunger: An

Achievable Goal for the United States of America. 2015.
116. Rudd Links Food Bank Rise to Benefit Mess; February 11, 2019.

https://www.bbc.com/news/uk-politics-47203389. Accessed
July 17, 2019.

117. Austerity, Welfare Cuts, and the Right to Food in the UK j HRW; 2017.
https://www.hrw.org/report/2019/05/20/nothing-left-cup-
boards/austerity-welfare-cuts-and-right-food-uk.

118. Osborne H, Hopkins N. Revealed: Ministers’ Plan to Research Effect

of Policies on Food Bank Use. The Guardian; August 1, 2018.
https://www.theguardian.com/society/2018/aug/01/revealed-
ministers-plan-to-research-effect-of-policies-on-food-bank-use.
Accessed July 17, 2019.

119. Riches G. Food banks and food security: welfare reform,
human rights and social policy. Lessons from Canada? Soc Policy

Adm. 2002;36(6):648e663. https://doi.org/10.1111/1467-9515.00309.
120. Chilton M, Rose D. A rights-based approach to food insecurity in

the United States. Am J Public Health. 2009;99(7):1203e1211.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2696644/.

121. Salonen AS, Ohisalo M, Laihiala T. Undeserving, disadvantaged,
disregarded: three viewpoints of charity food aid recipients in
Finland. Int J Environ Res Public Health. 2018;15(12). https://
doi.org/10.3390/ijerph15122896.

122. Poppendieck J. Sweet Charity? Penguin Random House; 1999.
https://www.penguinrandomhouse.com/books/330861/sweet-
charity-by-janet-poppendieck/9780140245561. Accessed July 17,
2019.
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SUMMARY

Chronic disease incidence and prevalence has been growing rapidly throughout the globe over the past
several decades. Many of these diseases, including obesity, diabetes, and cardiovascular diseases, are
largely preventable with healthy lifestyle. Key lifestyle factors include physical activity, smoking, alcohol
use, and dietary quality. This chapter provides a brief overview of the dietary factors known and hy-
pothesized to relate to risk of these cardiometabolic diseases. Due to the complexity of nutrient effects on
the body, interactions with other factors, and the long-term development of chronic disease, research to
prove cause and effect for specific components of the diet is difficult. Numerous studies across differing
populations are needed to obtain confidence in associations. There is a current debate regarding how to
assess the evidence for creating dietary guidelines. Despite this, we do know a great deal about diet and
health, and there is no doubt that overall quality of the dietary pattern, involving a variety of nutrients
and foods in the right balance, has a major effort on chronic disease risk. There is general consensus that
diets high in fruit, vegetables, whole grains, nuts and seeds, omega-3 fatty acids, and low-fat dairy and
low in refined grains, sugary foods and beverages, salty snacks, and processed meats are protective
against these conditions. Efforts to limit the rapidly increasing use of energy-dense, nutrient-poor foods at
the expense of basic natural foods are critical to stem the tide of these chronic diseases.

Keywords: Cancer; Cardiovascular diseases; Chronic; Diabetes; Dietary intake; Dietary patterns; Obesity;
Osteoporosis; Risk assessment.

I. INTRODUCTION

Over the past century, there has been a rapid shift in
disease incidence, prevalence, and cause of death, from
infectious disease to chronic conditions. This transition
began in developed countries, particularly the United
States, and has spread throughout the world with
changes in technology, socioeconomic status, and partic-
ularly in the food supply. The Centers for Disease
Control and Prevention (CDC) currently estimates that
60% of US adults have at least one chronic disease and
that 40% have two or more.1 Obesity has increased at
an unprecedented rate over the past 40 years. Based on
national survey data, the CDC estimates that fewer
than 15% of US adults were obese between 1960 and
1980. Over successive National Health and Nutrition

Examination Surveys (NHANESs) that prevalence
jumped to 23% by 1994, 31% by 2000, 34% by 2008,
and most recently was estimated at 40% in 2015e16.2,3

This is of critical importance, as obesity is linked with
subsequent cardiometabolic diseases, including type 2
diabetes, and cardiovascular diseases (CVDs). Not sur-
prisingly, the prevalence of type 2 diabetes has increased
rapidly in response to the increases in obesity. Based on
data from the National Health Interview Survey, the
CDC showed prevalence of diabetes as less than 2.5%
of the US population prior to 1980, with increases to
3.0 by 1994, 4.4% by 2000, 6.3% by 2008, and 7.4% by
2015.4

While the United States has led the way, these trends
are spreading globally. Changing dietary intake patterns
are one, if not, major factor in these transitions. A 2010
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World Health Organization report notes that, in 2008,
63% of global deaths were due to noncommunicable
diseases and that 80% of these were in low- and
middle-income countries.5 They emphasized that a large
proportion of these deaths are preventable through four
major behaviors: tobacco use, physical activity, excess
alcohol, and unhealthy diet. A recent comprehensive
look at the global health effects of poor diet across
195 countries, the Global Burden of Disease Study,
concluded that dietary improvement could prevent
one in every five deaths.6 They estimated that, among
diet-related outcomes, low intakes of whole grains, fruit,
nuts and seeds, vegetables, and omega-3 fatty acids and
high intakes of sodium accounted for most of the deaths
and disability-adjusted life years, primarily due to CVD
and type 2 diabetes.

II. THE NUTRITION TRANSITION

Diet has long been known to play a key role as a risk
factor for chronic disease. During the post-World War II
era in the United States, our food supply shifted rapidly
from whole farm-based foods to highly processed foods
(very refined foods with high energy density and rela-
tively low nutrient density) that could reach the expand-
ing urban population. Shortages during the war led the
military to accelerate research into food processing,
including canning, energy bars, restructured meat (e
g., chicken nuggets, beef patties), shelf-stable bread,
dehydrated cheese, TV dinners, and instant coffee.7 Ad-
vances in food science fueled the food industry to
expand choice with a rapidly increasing variety of
shelf-stable foods, with high amounts of added sugars,
fats, and refined grains. As more women entered the
workforce, convenience became a priority and a prolifer-
ation of canned, dried, and instant products, such as
frozen TV dinners, ensued. This focus on convenience
and shelf life has continued. The Nielsen Homescan lon-
gitudinal study of foods purchased in the United States
showed that more than 75% of dietary energy purchases
were from moderately (16%) or highly processed (61%)
foods and beverages in 2012, noting that these foods
had higher saturated fat, sugar, and sodium than less
processed foods.8 This was confirmed with NHANES
dietary intake data, where 60% of the reported US diet
in 2011e12 came from high intake of highly processed
foods, including breads, frozen or shelf-stable meals,
confectionery, fruit drinks, milk drinks, cakes, cookies,
pies, soft drinks, salty snacks, and breakfast cereals.9

The proportion of the diet from these types of foods var-
ied by sociodemographic variables, with inverse associ-
ations with age (highest in children, at 66%e67% of
energy, and lowest in adults aged �60 y, at 53%), educa-
tion, and family income.

While this movement began in the United States, it
has continued to expand, first to other developed coun-
tries and now into less developed countries. In all of
these cases, growth in chronic disease has followed
this nutrition transition, where traditional, largely
plant-based, diets have been replaced by high-fat,
energy-dense diets with substantial inclusion of foods
with added sugars and increasing use of animal-based
foods.10 A recent review11 measured the increasing sales
of ultraprocessed food and drink globally. They defined
this category using the NOVA classification, which de-
fines foods and drinks as “not modified foods but for-
mulations made mostly or entirely from substances
derived from foods and additives with little if any intact
food.”12 Examples of such foods include sweet or salty
packaged snacks and soft drinks. They estimated that
between 2002 and 2016, sales in this category increased
67% for foods and 120% for drinks in South and South-
east Asia; 58% for foods in North Africa and the Middle
East; and 71% for drinks in Africa. Lead contributors to
these increases included baked goods and carbonated
beverages. Importantly, they estimated that for each
standard deviation (SD) increase in ultraprocessed
drinks sold between 2002 and 2014, mean BMI increased
by 0.20 kg/m2 in men and 0.07 kg/m2 in women, and
for each SD increase in these ultraprocessed foods,
BMI increased by 0.32 kg/m2 in men, while the increase
was not significant in women.10

Increases in risk of chronic diseases, particularly type
2 diabetes, have followed increases in obesity. Although
decreases in physical activity also contribute to these
risks, along with smoking, there is no doubt that dietary
quality is of major importance. In addition to higher in-
takes of total energy, fat, and sugar associated with the
nutrition transition, loss of specific nutrients associated
with the replacement of basic foods with processed
foods has differential effects on health. Here, we will
briefly review the current knowledge on nutrients,
foods, and dietary patterns in relation to obesity, type
2 diabetes, and CVD.

III. NUTRIENTS, FOODS, AND
DIETARY PATTERNS IN RELATION

TO OBESITY

As noted above, the prevalence of obesity in global
populations has increased rapidly to a pandemic that
has become the biggest health challenge of current times
(Fig. 18.1). Although tremendous efforts have been put
into research to better understand the etiology of obesity
and its treatment, obesity has proven to be resistant to
improvement, with continued increases in prevalence
despite major public health efforts. From a simple
perspective, weight gain is the balance of energy in
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versus energy out, and increases in energy intake, which
have accompanied the adoption of more energy-dense
foods, along with decreases in energy expenditure
with changes in work and leisure activity toward more
automation and computing, are the underlying reason
for most population change in obesity. However, within
these two major dynamics are complex details that need
more research to fully understand. Given the sudden
shift, many additional hypotheses emerged for the etiol-
ogy of obesity, including sleep deprivation, decreased
smoking, increased atmospheric carbon dioxide, control
of ambient temperature, increased screen time, exposure
to endocrine disruptors, pharmaceutical iatrogenesis,
viral infection, dysbiosis of the gut microbiome, and so-
ciopsychological factors.13 New advances in genetics
have provided some explanations for susceptibility to
obesity and other chronic diseases in the face of dietary
change. Specific polymorphisms that protected survival
in a food-scarce environment may now promote weight
retention in an environment of food excess.14 Although
few specific polymorphisms, on their own, have been
proven to be major contributors to the rapid rise in
obesity, they remain under investigation as likely con-
tributors. After consideration of these diverse factors,
the nutrition transition to refined energy-, fat- and
sugar-dense, nutrient-poor foods and beverages, in
interaction with other factors, remains the major likely
cause of the obesity pandemic.

Importantly, the distribution of obesity is not equal
across the population. NHANES data from 2015 to
2016 show that, although prevalence among all groups

is high, it is greater among non-Hispanic black and His-
panic adults than non-Hispanic white or Asian adults,
with more than 50% of black and Hispanic women in
the obese category (Fig. 18.2). More research is needed
to understand the possible interactions between genetic,
cultural, and socioeconomic reasons for these disparities
so that the gaps, currently increasing, may be closed.

A. Macronutrients

As the obesity problem escalated, there was consider-
ation of individual nutrients as likely factors fueling
weight gain. An early focus was dietary fat. Dietary
guidelines, and the food guide pyramid, introduced in
1992, focused largely on reducing total and saturated
fat intake, with grains as the base.15 A proliferation of
low-fat diets and low-fat consumer food products fol-
lowed, both for weight loss and reduction of cardiovas-
cular risk. However, despite the prevailing belief in
these diets, weight gain continued to accelerate in the
population.16

Eventually, the low-fat model was highly criticized,
based on epidemiologic evidence that a focus on grains
as the base of the pyramid, in their mostly highly refined
form in US diets, and was not the best approach to
controlling weight, and, when substituted for saturated
fat, higher carbohydrates from grains and sugars were
associated with higher triglycerides and lower HDL
cholesterol.17 In 2003, an analysis of the Nurses’ Health
Study (NHS) showed that weight gain over 12 y was
inversely associated with intake of dietary fiber and

FIGURE 18.1 Trends in adult overweight, obesity, and extreme obesity among men and women aged 20e74: United States, 1960e62 through
2013e14. Notes: Age-adjusted by the direct method to the year 2000 US Census Bureau estimates using age groups 20e39, 40e59, and 60e74.
Overweight is body mass index (BMI) of 25 kg/m2 or greater but less than 30 kg/m2; obesity is BMI greater than or equal to 30; and extreme
obesity is BMI greater than or equal to 40. Pregnant females were excluded from the analysis. Source: Fryar CD, Carroll MD, Ogden CL. Prevalence of

Overweight, Obesity, and Extreme Obesity Among Adults Aged 20 and Over: United States, 1960e62 Through 2013e14. In: National Center for Health
Statistics.
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whole grain foods and positively associated with refined
grain food products.18 In addition, a clear correlation be-
tween the increase in sugar-sweetened beverages (SSB)
and increases in obesity led many to shift the focus
from fats to refined carbohydrates as the major factor
in weight gain. A 2008 review showed that increases in
soft drink consumption were coincident with the dra-
matic rise in obesity and noted that the evidence from
observational studies and clinical trials suggested a
link between the two.19 A more recent review showed
further support for the association between SSB and
obesity.20 Some scientists emphasized, in particular, the
increased use of high-fructose corn syrup in the food
supply as a major obesogenic driver, noting effects of
fructose on leptin resistance and encouragement of
increased food intake, as well as blocking of fatty acid
oxidation and increased fat storage.21

Within the category of carbohydrates, there is consid-
erable evidence that foods high in fiber, including whole
grains, legumes, nuts, fruit, and vegetables, are protec-
tive against obesity. In a highly cited overview of this
topic, Burton-Freeman explained how dietary fiber
aids in energy intake regulation by providing early
and prolonged satiety signals.22 She notes that early sig-
nals are through physical bulking effects and later
through viscosity-producing effects related to delays in
fat absorption. More recently, emphasis has shifted to
the important role of dietary fiber on maintaining a
healthy gut microbiome. One recent study of longitudi-
nal weight gain in women found significantly less gain

among those with higher fiber intake and suggested
that this was mediated by greater gut microbiota
diversity.23

Given concerns about fat and refined carbohydrates
in relation to obesity, some moved to recommending
high-protein diets for weight control, noting that protein
intake provides greater satiety than other macronutri-
ents and preserves lean body mass during weight
loss.24 A recent review of dietary strategies for weight
loss compared high-protein diets (12 studies), with other
strategies, including diets focusing on low glycemic in-
dex or high fiber, and showed significant beneficial ef-
fect only of the high-protein diet in protecting against
regain of weight after loss.25

B. Micronutrients

Others point to micronutrients and phytonutrients
and the loss of exposure to these with processed foods
as important. Antioxidants and other phytochemicals
in plants may have antiobesogenic effects through path-
ways that affect appetite, lipid absorption and meta-
bolism, insulin sensitivity, thermogenesis, and the gut
microbiota.26 A 2009 review of this topic pointed to
antioxidantsdincluding vitamins C and E and beta-
carotenedvitamins A, B, and D, zinc, iron, and calcium
as key micronutrients associated with obesity,27

although they note that the direction of causality is
unclear for most of these. They focus their causal
argument primarily on leptin, suggesting that

FIGURE 18.2 Age-adjusted prevalence of obesity among adults aged 20 and over, by sex and race andHispanic origin: United States, 2015e16.
Notes: All estimates are age-adjusted by the direct method to the 2000 US census population using the age groups 20e39, 40e59, and 60 and over.
Access data table for Figure 2 at: https://www.cdc.gov/nchs/data/databriefs/db288_table.pdf#2. Source: NCHS Data Brief No. 288 October 2017

Prevalence of Obesity Among Adults and Youth: United States, 2015e2016 US. Department of Health and Human Services Centers for Disease Control and
Prevention National Center for Health Statistics Craig M. Hales, M.D., Margaret D. Carroll, M.S.P.H., Cheryl D. Fryar, M.S.P.H., and Cynthia L. Ogden,

Ph.D.
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supplementation with vitamins A and D may reduce
leptin expression and that the antioxidant nutrients are
also associated with lower leptin concentration. An
editorial28 concurred that micronutrient deficiencies
affect leptin and insulin metabolism, in turn, affecting
appetite regulation and energy metabolism. They refer
to a 26-week randomized trial in China with a multivi-
tamin/mineral supplement versus placebo, where the
supplement appeared to result in significant losses in
body weight, fat mass, and waist circumference and in-
crease resting energy expenditure.29

Most recently, a 2016 review points to dietary zinc and
magnesium as important nutrients in preventing obesity,
based on their roles in inflammation.30 Regardless of the
causal pathways, it is clear that obese individuals are
more likely than the nonobese to have insufficient status
for many micronutrients. The interrelationship is
complex but may be due in large part to the fact that obe-
sogenic foods tend to be high energy- and low nutrient-
dense. Further concern is that the low nutrient status
seen in obese individuals predisposes them to complica-
tions, including higher risk of type 2 diabetes.

C. Food Groups

Many argue that examination of individual micronu-
trients may be too reductionist and that whole foods
delivering nutrients within the food matrix are more
important. There have been investigations of numerous
food groups and obesity. A recent comprehensive re-
view, including 43 reports, showed inverse associations
between obesity and whole grains, fruit, nuts, legumes,
and fish and positive associations with refined grains,
red meat, and SSB.31 They noted that whole grains, fruit,
and vegetables tend to be characterized by low glycemic
load, while refined grains and sugar affect insulin resis-
tance, which may contribute to weight gain.

In particular, SSB have received considerable attention.
A 2008 review, including 14 prospective and 5 experi-
mental studies, noted that the rise in obesity paralleled
increases in soft drink consumption.32 Three of the exper-
imental studies found increases in body fat associated
with SSB, while two did not. Most of the prospective
studies found significant associations between SSB intake
and obesity, even after adjusting for total energy intake.
They conclude that SSB appear to contribute to obesity
and that alternative biological associations, beyond
higher energy intake, need to be studied.

Interestingly, nuts are high in fat and tend to be
avoided by those trying to lose weight, but several
studies, including both a prospective cohort with a me-
dian of 28 months and the NHS followed for 8 years,

showed that frequent intake of nuts was associated
with significantly less, not more, weight gain.33

D. Dietary Patterns

A tremendous amount of research has gone into un-
derstanding the obesity epidemic, and it is increasingly
clear that its etiology is complex and that no single food
or nutrient can be identified as responsible on its own.
Therefore, thinking moved toward the entire dietary
pattern. In response to concerns with the USDA diet pyr-
amid and its associated Healthy Eating Index (HEI),
which emphasized grains at the base, several groups
began to examine the alternatives, with a focus on the
Mediterranean diet. The Harvard School of Public
Health, along with Oldways Preservation Trust, pro-
moted a Mediterranean diet pyramid34 and, later, an
associated Alternative HEI, which included aspects of
the Mediterranean diet, and was found to associate
with health outcomes more strongly than the USDA
HEI.35 One systematic review36 noted that the evidence
pointed toward protection against obesity with a Medi-
terranean diet, although not all studies supported this
conclusion. Mechanistic support for the Mediterranean
diet includes more monounsaturated fatty acids
(MUFAs), in the form of olive oil, which has many health
benefits, including improved glucose metabolism
increased postprandial fat oxidation, and overall energy
expenditure, and encourages palatability of salads and
vegetables. Further, there is increasing evidence for the
beneficial effects of the Mediterranean diet through
modulation of the gut microbiome and reducing sys-
temic inflammation.37

Other dietary patterns have also been associated with
obesity. Using data-driven dietary patterns, for example,
one study showed that a diet high in meat and potatoes
was associated with gains in BMI, while a pattern high in
refinedcarbohydrates,mainlywhitebread,wasassociated
withgreatergainsincentraladiposity.38 A recent review of
dietary patterns39 concluded that the evidence points to
plant-based patterns rich in fruit, vegetables, and whole
grains and limited in red and processed meat, refined
grains, and added sugars as the most effective approach
for prevention of obesity and other chronic conditions.

The USDA recently conducted a thorough systematic
review of the evidence on dietary patterns and risk of
obesity.40 They concluded that there ismoderate evidence
that dietary patterns high in fruit, vegetables, whole
grains, legumes, unsaturated oils, and fish; low in total
meat, saturated fat, cholesterol, sugar-sweetened food
and drinks, and sodium; and moderate in dairy and
alcohol are associated with lower risk of obesity.
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IV. NUTRIENTS, FOODS, AND
DIETARY PATTERNS IN RELATION

TO TYPE 2 DIABETES

A rapid sequela to the increase in obesity has been a
parallel increase in prevalence of type 2 diabetes
(Fig. 18.3). As noted above, the CDC showed that prev-
alence of diabetes increased from less than 2.5% of the
US population prior to 1980 to 7.4% by 2015.41 A more
recent report estimates that prevalence further increased
to 9.4% by 2017. Importantly, it is not distributed equally,
being more common among American Indian/Alaskan
Natives, non-Hispanic blacks, and Hispanics than
among non-Hispanic whites or Asians.41 Further, preva-
lence is associated with education and is highest among
those with less than high school completion. It is also
distributed unequally across states, with highest preva-
lence among adults, 18 y or older, in Mississippi (14%),
West Virginia (13%), Alabama (12%), and Louisiana
(12%). States with the lowest prevalence include
Colorado (6%), Montana, New Hampshire, and Minne-
sota (each 7%).

Obesity, and more specifically central obesity,
measured by waist circumference42 is the strongest
predictor of incident type 2 diabetes. Visceral obesity
in the central abdomen is associated with metabolic ab-
normalities that increase risk beyond BMI, with higher
insulinemic and glycemic responses with higher waist

circumference. Clearly, the same foods and nutrients
that contribute to obesity contribute through obesity to
risk of type 2 diabetes.

Beyond obesity per se, one review article noted that
dietary fat quality, carbohydrate quality, dietary fiber,
and glycemic index, as well as with intakes of vitamin
E, magnesium, chromium, and alcohol, affect glucose
tolerance and insulin sensitivity, and therefore risk of
type 2 diabetes.43 Another review concurred that,
beyond quantity of macronutrients, the quality of die-
tary fats and carbohydrates is of most importance.44 In
their summary of metaanalyses, they identified protec-
tive effects against type 2 diabetes with higher intakes
of vitamin D, magnesium, and cereal fiber and risk
with higher glycemic load and heme iron.

A. Macronutrients

Debate remains on the ideal macronutrient composi-
tion for diabetes prevention, with variation across global
guidelines in the proportions from carbohydrate, pro-
tein, and fat. Carbohydrate intake has long been the
focus of diabetes control and prevention. In 2004, the
American Diabetes Association issued a statement that
although diabetes has been seen as primarily a disorder
of carbohydrate metabolism, a low carbohydrate diet is
not recommended.45 Rather, the focus should be on car-
bohydrate quality and glycemic load, as the glycemic

FIGURE 18.3 Percentage of US adults with diabetes by year. National Health and Nutrition Examination Survey. Centers for Disease Control
and Prevention. Chronic Kidney Disease Surveillance SystemdUnited States. Website: http://www.cdc.gov/ckd.
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index of the food is what determines the postprandial
glucose response. Glycemic load is the sum of the carbo-
hydrate in each food times their respective glycemic
index. They noted that the use of glycemic load for blood
glucose control has been supported by randomized
controlled trials. Low glycemic index foods tend to be
those high in fiber, while foods, with high sugar or
refined grains, like white flour and white rice, contribute
to higher glycemic load.

Although fat has received less focus than carbohy-
drates in diabetes prevention, one replacement analysis
showed that high intake of saturated fat affects insulin
sensitivity and risk of diabetes, while higher intake of
polyunsaturated fatty acids reduces the risk.46 A review
of dietary fats and prevention of type 2 diabetes47

concluded that replacing saturated and trans fats with
polyunsaturated and/or monounsaturated fats is bene-
ficial for insulin sensitivity and may reduce the risk of
type 2 diabetes.

More recently, investigators have also examined the
role of dietary protein in diabetes. A 2017 systematic re-
view and metaanalysis of 11 cohort studies concluded
that higher total protein was associated with higher
risk, with a summary RR of 1.12(1.08e1.17), higher risks
associated primarily with animal protein, and lower risk
with plant protein.48 A study from China concurred,
noting that the association between protein and diabetes
is not straightforward, and varies by dietary pattern,
with plant protein inversely and animal protein posi-
tively associated.49 As for obesity, it is increasingly clear
that the absolute relative composition of fat, carbohy-
drate, and protein is less important than the quality of
food choices within these categories.

As with many conditions, alcohol appears to be asso-
ciated with risk of diabetes in a U-shaped curve, with a
protective effect of moderate, but not high intake. A sys-
tematic review and metaanalysis concluded that risk for
type 2 diabetes among men was lowest at 22 g/day of
alcohol (RR ¼ 0.87(0.76e1.0), but risk increased signifi-
cantly at more than 60 g/day; while among women,
risk was lowest at 24 g/day, RR ¼ 0.60(0.62e0.69), and
increased at more than 50 g/day.50

B. Micronutrients

Vitamin E is an important antioxidant that affects
oxidative stress and insulin resistance. A study in New
Zealand found that participants taking vitamin E, versus
placebo, had lower plasma peroxides, blood glucose,
and improved insulin sensitivity, suggesting that
vitamin E could contribute to the delay in onset of
diabetes.51 A more recent review also concluded that
vitamin E was related to significant reduction in plasma
glucose and HbA1c, relative to placebo.52 However, re-
sults from the Insulin Resistance Atherosclerosis Study
(IRAS) showed that plasma alpha-tocopherol was

protective against the development of type 2 diabetes
among nonsupplement users, but not among supple-
ment users, suggesting that the vitamin E from food
sources may be most protective.53

Carotenoids also have important antioxidant activity
and, similarly, may protect against diabetes by reducing
oxidative stress. Examination of NHANES data showed
inverse associations between serum beta-carotene
(P ¼ .004) and serum lycopene (P ¼ .044) with newly
diagnosed diabetes.54 A more recent analysis from
Australia showed that 2-hour postload plasma glucose
and insulin concentrations were significantly lower
with higher serum alpha- and beta-carotene, beta-
cryptoxanthin, lutein/zeaxanthin, and lycopene.55

Vitamin D has also been linked with risk of diabetes
and is involved with insulin secretion, resistance, and
b-cell function, partially through increased parathyroid
hormone with low vitamin D.56 A review of this topic
concluded that evidence suggests that although there
are plausible mechanisms, and evidence of association
between vitamin D deficiency and onset of diabetes,
supplementation with vitamin D has not been shown
to prevent incident diabetes or to improve glycemic con-
trol.57 More work is needed in this area.

Magnesium is a nutrient that is lost during processing
and, therefore, many people are at risk of inadequate
intake with current dietary exposures. Magnesium
serves as a cofactor for enzymes involved in glucose
metabolism, and it is, therefore, of importance to pre-
vention of type 2 diabetes.58 Analysis of data with
more than 85,000 women in the NHS and 42,800 men
in the Health Professionals Follow-up Study (HPFS)
showed significant association between magnesium
intake and risk of diabetes.59 A review of magnesium
on health noted that trials with magnesium supplements
have shown significant improvement in insulin sensi-
tivity among individuals without diabetes, but with in-
sulin resistance.60 Food sources of magnesium include
whole grains, dark green leafy vegetables, nuts, and
legumes.

Chromium has been shown to be important in insulin
signaling and sensitivity, and chromium tissue concen-
tration has been associated with incident type 2
diabetes.61 A review of the actions of chromium
concluded that a large body of evidence, including
both animal and human studies, shows that chromium
is essential for insulin action but noted that the use of
chromium supplementation for diabetes remains
controversial.62 Good sources of chromium include
broccoli, green beans, apples, bananas, and whole
grains.

C. Food Groups

Among food groups, Ley et al.44 identified protection
against diabetes with higher intakes of coffee, alcohol,
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dairy, and green leafy vegetables and risk with higher
intakes of processed meat, red meat, white rice, and
SSB. A recent systematic review and metaanalysis spe-
cifically examined relationships between 12 food groups
with risk of type 2 diabetes.63 They showed significant
protective effects with greater intake of whole grains,
vegetables, fruit, and dairy and significant negative ef-
fects with refined grains, eggs, red meat, processed
meat, and SSB. They found no significant associations
between risk of type 2 diabetes and intakes of nuts, le-
gumes, or fish.

D. Dietary Patterns

With multiple nutrients and foods associated with
diabetes, dietary patterns including these foods should
be associated as well. Schulze et al. conducted a casee
control study within the NHS comparing those with
type 2 diabetes with those without this condition.64 Us-
ing reduced rank regression, they identified a dietary
pattern high in SSB, refined grains, diet soft drinks,
and processed meat, while low in wine, coffee, crucif-
erous, and yellow vegetables with more than three times
the likelihood of diabetes. They then examined incident
cases and confirmed RR for extreme quintiles of
2.56(2.10e3.12) and 2.93(2.18e3.92) in the NHS and the
NHSII, respectively. The identified pattern was strongly
associated with inflammatory markers, suggesting that
this mechanism may be responsible for the higher risk
of diabetes.

A 2014 review44 cited several studies showing lower
risk of type 2 diabetes with the Mediterranean, Dietary
Approaches to Stop Hypertension (DASH), and vege-
tarian diets. They further noted that higher scores on
the alternative HEI and data-driven prudent dietary
pattern (high in fruit, vegetables, whole grains, and
vegetable oils and low in red meat, refined grains, and
soft drinks) were associated with lower risk of type 2
diabetes. A more recent overview65 concludes that there
is general consensus that dietary patterns high in vege-
tables, fruit, whole grains, legumes, nuts, and dairy
products including yogurt are useful in the prevention
of type 2 diabetes, and that the Mediterranean diet is
generally recommended.

Many agencies, including the CDC, have adopted a
diabetes prevention plan for individuals with impaired
glucose tolerance (prediabetes). This plan, which in-
cludes dietary and exercise lifestyle changes, was shown
in a major trial66 to be highly effective in a dosee
response manner, reducing risk of incident diabetes by
58% overall, with greater results for compliant individ-
uals. In addition to guidance on aerobic and resistance
exercise, participants received tailored individual
advice from a registered dietitian, with emphasis on

reduction in total fat intake to <30% and saturated fat
to <10% of energy and increases in dietary fiber to at
least 15 g/1000 kcal. Whole grains, vegetables, fruit,
low-fat milk and meat products, and monounsaturated-
rich vegetable oils were encouraged.

The USDA conducted a systematic review on dietary
patterns and risk of type 2 diabetes.40 They concluded
that there is evidence that a pattern high in fruit, vegeta-
bles, legumes, whole grains, nuts, fish, and unsaturated
oils and low in meat and high-fat dairy is associated
with lower risk of type 2 diabetes, based on dietary
indices. They further note that dietary patterns identi-
fied by cluster or factor analysis also suggest that diets
high in vegetables, fruit, and low-fat dairy were associ-
ated with lower risk, while those high in red meat,
sugar-sweetened food and drinks, French fries, refined
grains, and high-fat dairy were associated with higher
risk. They reported, however, that there was insufficient
evidence for Mediterranean or vegetarian dietary pat-
terns in relation to incident type 2 diabetes, although
the Mediterranean, DASH, and Nordic diets all have
shown associations with better glucose tolerance and in-
sulin resistance.

V. NUTRIENTS, FOODS, AND
DIETARY PATTERNS IN RELATION

TO TYPE CARDIOVASCULAR DISEASE

For the past 90 years, CVD has been the leading cause
of death in the United States. Interestingly, despite the
recent increases in obesity and diabetes described above,
both of which are risk factors for CVD, mortality from
CVD has declined in recent decades. However, the his-
tory of heart disease is also dramatic. Between the turn
of the century in 1900 and the 1930s, heart disease
went from an uncommon cause of death to the most
common cause, due to increases in atherosclerosis.67 It
continued to rise, and reached 466 deaths/100,000
individuals at its peak in 1965, followed by a decline
(Fig. 18.4). The magnitude of the problem led to consid-
erable attention in the medical community and
researchers, with efforts in identification of risk factors
and development of new medical therapies. A major
contributor to knowledge on this condition is the
Framingham Heart Study, which began in 1948 in
Massachusetts and has continued since that time.68

Among their many findings, they confirmed that serum
cholesterol predicted coronary heart disease (CHD). At
the same time, they documented a 59% decrease in
CHD mortality from 1950e69 to 1990e99, attributing
this to improvements in both primary and secondary
prevention, including reduction in smoking, increased
use of aspirin, b-adrenergic receptor blockers, ACE
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inhibitors, lipid-lowering therapy, antiplatelet and
thrombolytic treatment, and coronary surgery, as well
as improvement in automated external defibrillators.69

Importantly, CVD remains the number one cause of
death in the United States. The lifetime risk of CHD after
age 40 y has been estimated at 49% for men and 32% for
women.70 Globally, the risk of CHD continues to in-
crease, therefore prevention is of critical importance
and dietary intake is a major modifiable risk factor.

A. Macronutrients

As heart disease increased in the early part of the 20th
century, little attention was initially paid to diet. Howev-
er, the diet-heart health hypothesis became popular once
serum cholesterol was clearly linked with atherosclerosis
and incident CHD.71 Famously, Ancel Keys presented
ecological data from six countries, showing a correlation
between total fat intake and death from heart disease.72

Beginning in the late 1950s, researchers noted that serum
cholesterol could be lowered by replacing saturated fat
with vegetable oil.73,74 In 1958, Dr. Keys launched the
“Seven Countries Study,” where they followed 12,500
middle aged men in Italy, Greece, Yugoslavia, Finland,
Netherlands, Japan, and the United States and found
strong associations between intake of saturated fat and
heart disease.75 Later, data from the seven countries study
showed strong associations between 25-y CHD death
rates and intake of the four major saturated fatty acids,
lauric, myristic, palmitic, and stearic acid, of the trans
fatty acid elaidic acid, and of dietary cholesterol.76

Along with limiting total and saturated fat to less
than 30% and 10% of energy, and dietary cholesterol to
less than 300 mg/day, the USDA food guide pyramid,
designed in 1992, made grains the base, suggesting
that people should eat the largest portion of the energy
intake from the breads, cereals, rice, and pasta group.77

This advice led to widespread messaging to lower fat
in the diet, and food companies responded with a

multitude of “low-fat” foods, mainly replacing the fat
with carbohydrate which, in the US food supply, tended
to be sugar and refined white flour. However, it was
soon noted that replacing fat with refined carbohydrates
led to increased triglyceride concentration and other
health risks.78 There has recently been considerable
debate as to whether the early work on fat in the diet-
heart hypothesis led to the focus on fat, in part, as a
deflection away from sugardas it appears that several
important studies, including a highly influential 1967 re-
view article in the New England Journal of Medicine by
leading Harvard nutrition professors,79 were funded by
the sugar industry.80 It has since been made clear that
high intake of refined carbohydrates, including sugar,
is also a major risk for heart disease. For example, the
NHANES IIIelinked mortality cohort, with data
from 1988 to 2006, showed that individuals consuming
10 e <25% or �25% of energy from sugar had hazard
ratios (HR) (95% CI) for CVD mortality of
1.3(1.09e1.55) and 2.75(1.4e5.4), respectively, relative
to those consuming <10% energy from sugar.81

In the meantime, along with lower fat food products,
our food supply was increasingly replacing saturated fat
with hydrogenated oils, in the misbelief that these were
healthier alternatives. Margarines were recommended
over butter, and processed baked goods with hydroge-
nated fats had the benefits of longer shelf life. It was
not until the 1990s that trans fats were recognized as be-
ing worse for health than saturated fats. A New England
Journal article in 199082 noted that trans fats not only
raised LDL cholesterol, similarly to SFA, but also
lowered HDL cholesterol, resulting in an overall more
negative effect than the SFA. A subsequent NHS analysis
showed a 50% greater relative risk for the highest versus
lowest quartile of trans fat intake on incident CHD,
1.5(1.12e2.0).83 Most recently, a systematic review
showed significant associations between trans fat intake
and all-cause mortality HR of 1.34(1.16e1.56) and CHD
mortality of 1.28(1.09e1.5).

FIGURE 18.4 Death rates* for cardiovascular diseases: United States, 1900e2010. *Not age-adjusted. Source: NHLBI FY 2012 Fact Book Chapter
4. Disease Statistics.
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Although reducing saturated and trans fatty acids
remains important for reducing heart disease, the
actual effect depends on with what these fatty acids
are replaced. MUFAs have recently emerged as heart
healthy, primarily as part of the Mediterranean diet
(see below), which has olive oil as the primary source
of fat. It has been difficult to separate MUFAs from
saturated fats in US and European studies, as MUFAs
are commonly consumed along with SFA in meats. In a
set of randomized crossover trials, where saturated fat
was replaced with PUFA or MUFA, plasma LDL
cholesterol was lowered by 22%, and HDL was low-
ered by 14% with PUFA, while LDL was lowered
15% and HDL by only 4% with MUFA.84 They
concluded that either replacement was equally effec-
tive. As recently as 2012, a review of the evidence
concluded that results of MFA on CHD were inconsis-
tent, but they noted protective effects on blood pressure
and glycosylated hemoglobin.85 Recent analyses of the
NHS and HPFS found significant protective effects of
MUFA from plant sources, in replacement of SFA
and MUFA from animal sources, the HR(95%CI) for
incident nonfatal myocardial infarction and fatal
CHD, was 0.81(0.73e0.90).86

Although there is considerable evidence that replac-
ing SFA with PUFA has benefit, there is also concern
that due to greater unsaturation, there may be greater
susceptibility to LDL oxidation with PUFA than
MUFA.87 Observation of lower heart disease risk among
Greenland Eskimos,88 who had high intakes of marine
source long-chain omega-3 fatty acids, generated
research to examine differences between omega-6 and
omega-3 PUFA. Despite considerable attention and
widespread belief of their protective effects, however, a
recent Cochrane systematic review89 concluded that
moderate and high-quality evidence showed no protec-
tive effect of omega-3 fatty acids on CVD. However, this
remains controversial, and most recently, the FDA has
approved a new prescription drug, icosapent ethyl, an
eicosapentaenoic acid ethyl ester, which contains 4 g/
day of omega-3 fatty acids, after a major clinical trial,
with 8000 patients showed significantly lower risk of
ischemic events, including cardiovascular mortality
RR ¼ 0.80(0.66e0.98).90

Historical recommendations by the American Heart
Association for the percent of energy from total fat
evolved from 25%e30% in 1950, to <40% in 1968, and
to <30% from 1982 to 2000. In 2006, this was changed
to a range of 25%e35%,91 with <7% as saturated
and <1% as trans fat. Current AHA guidelines do not
specify proportions of energy from fat, but simply state
“Eat foods low in saturated and trans fat,” encouraging
intake of lean meats, tofu, fish, vegetables, beans,
nuts, and low-fat dairy products and replacing
saturated fats like butter with polyunsaturated or

monounsaturated fats, like canola and olive oils.92

They now also recommend limiting added sugars to
no more than 100 kilocalories per day for women, and
no more than 150 per day for men.93 The 2015e2020
Dietary Guidelines for Americans also removed
limitations on total fat and cholesterol intake, stating
only to “consume an eating pattern low in added sugars,
saturated fats and sodium.”94

B. Micronutrients

Although the major focus on diet and heart disease
has been on fats and sugars, many vitamins play impor-
tant roles, including most of the B vitamins, vitamins C,
D, and E, and previtamin A carotenoids. A major role of
B vitamins is in the prevention of high homocysteine, a
sulfur-containing intermediate metabolite that becomes
elevated with insufficient intakes of folate, vitamin
B12, and/or vitamin B6. Homocysteine has been associ-
ated with significantly higher risk of CHD. One review
article estimated that every 5 umol/L of homocysteine
was associated with 20% increase risk of CHD.95

Numerous studies have also shown direct associations
between B vitamin status and risk of heart disease. For
example, in the Kuopio Heart Disease Risk Factor Study,
the highest, versus lowest, quintile of plasma folate was
associated with 65% lower risk of acute coronary events
over 10 years, RR ¼ 0.45(0.25e0.81).96 In the Atheroscle-
rosis Risk in Communities study, there was 72% lower
risk HR ¼ 0.28(0.10e0.70) of incident CHD in the
highest, versus lowest, quintile of plasma pyridoxyl-5-
phosphate (vitamin B6).97 In the Netherlands, those in
the lowest, versus highest, quartile of serum vitamin
B12 were almost three times likely to develop coronary
atherosclerosis, OR ¼ 2.9(1.1e7.7).98 Although
numerous studies have shown associations of low B
vitamin status with risk of CVD, a metaanalysis of B
vitamin supplementation with CVD outcomes showed
little or no protection against incidence of major cardio-
vascular events.99 In contrast, another metaanalysis
showed 10% lower risk of stroke and 4% lower risk of
overall CVD with folic acid supplementation, but no ef-
fect on CHD.100 It is likely that the effect of supplemen-
tation depends on baseline status.

Vitamin C is an effective antioxidant and free radical
scavenger, which makes it a likely candidate for protec-
tion against CVD. Several, but not all, observational
studies have shown protective effects. A 2016 review,101

which considered both observational studies and ran-
domized controlled trials, reported mixed results,
with several cohort studies, including the European
Prospective Investigation into Cancer and Nutrition,
the Coronary Artery Development in Young Adults
Study, and the Kuopio Ischemic Heart Disease Risk Fac-
tor Study showing protective effects, the NHS showing
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protective effects only with vitamin C supplements, no
association in the HPFS, or IRAS, and increased risk
with supplemental vitamin C in the Iowa Women’s
Health Study. Clinical trials generally showed no effect.
They concluded that there is little support for the use of
vitamin C supplements to reduce CVD risk, although
evidence does exist for a protective effect of vitamin
C intake on blood pressure and endothelial function.
Consistently, a recent Cochrane review on vitamin C
and primary prevention of CVD, including eight ran-
domized clinical trials with 15,445 participants,
concluded that there was no difference in major CVD
events between vitamin C and placebo groups,
although they noted that the quality of the evidence
was low.102 Further work is needed to separate effects
of dietary vitamin C exposure from that of
supplements.

Vitamin D has received considerable attention for
multiple effects on health, including a potential role in
CHD. Underlying mechanisms for this vitamin in
CHD include inhibition of vascular smooth muscle pro-
liferation, downregulation of pro- and upregulation of
antiinflammatory cytokines, suppression of vascular
calcification, and as a negative endocrine regulator of
the renin-angiotensin system, the latter leading to
insulin resistance and metabolic syndrome.103 Several
prospective cohort studies have shown protective effects
in relation to CVD. For example, in the Framingham
Offspring study,104 participants with low 25(OH)D
were 62% more likely to have an incident CVD event
1.62 (95% CI: 1.11e2.36, P ¼ .01). In the HPFS, men
with 25(OH)D � 15 ng/mL had twice the risk of MI,
relative to those with �30 ng/mL (RR ¼ 2.09, 95% CI:
1.24e3.54, P-trend ¼ 0.02).105 Further, a recent review
of several observational studies showed associations be-
tween low vitamin D status, hypertension, and higher
CVD mortality.106 However, several clinical trials have
not supported vitamin D supplementation to prevent
heart disease, including the recent large Vitamin D and
Omega-3 Trial, with 2000 IU/day for more than 5 years,
which showed no protection relative to placebo against
CVD outcomes.107 As with many nutrient health associ-
ations, results from observational studies, which suggest
a long-term status based on food intake, and in this case
sunlight exposure, show results that differ from inter-
ventions with supplements. More research is needed to
clarify the meaning of these differences.

Vitamin E is a strong antioxidant that has been hy-
pothesized to reduce risk of heart disease by protecting
against the oxidation of LDL cholesterol, which contrib-
utes to heart disease through the release of inflammatory
cytokines and enhanced adhesion to the endothelium,
leading to atherosclerosis.108 During the 1990s, consider-
able attention was given to the potential role of antioxi-
dant intakes, including vitamin E, and CVD.

Several large cohort studies showed protective ef-
fects, including a large analysis involving 16 European
populations, where plasma vitamin E showed a strong
inverse correlation with mortality from ischemic heart
disease (r2 ¼ 0.63, P ¼ 0.002).109 This was followed by
evidence supportive of vitamin E intake and risk of
CHD in the HPFS,110 which showed a significant dosee
response trend (P ¼ .01) between total vitamin E intake
and a 40% lower risk among those with the top quintile
of vitamin E intake, versus the lowest, in fully adjusted
models. Similarly, in the NHS,111 higher vitamin E intake
was associated with mortality from CHD over 8 years of
follow-up, particularly among those not taking supple-
ments (P trend ¼ 0.004), and RR was 62% lower for
women in the highest, versus lowest, quintile of intake.
Several other cohort studies showed consistent
results.112e115 Together, these studies provided strong
evidence for a protective effect of vitamin E, and many
people began to take it.

In contrast to the promising results from observa-
tional studies, however, many subsequent clinical trials
showed no effect of vitamin E supplementation on risk
of heart disease,116,117 Further, one metaanalysis of 19
trials showed increased risk with doses >150 IU/
day.118 There may be many reasons for this, but most
importantly, there are important differences between
long-term intake of a nutrient within the food matrix
and dietary pattern and relatively short time interven-
tion with supplementation with a single form. Most
vitamin E supplements are provided as alpha-
tocopherol, while vitamin E in foods presents with
differing forms of the nutrient. There is evidence that
gamma-tocopherol, the major form in the diet, may
have important roles in health on its own, including
in CVD.119 Animal studies have shown greater effects
on platelet aggregation, and inhibition of superoxide
generation and LDL oxidation with gamma- than
with alpha-tocopherol. This is consistent with results
from the NHS, where dietary vitamin E, but not supple-
mental vitamin E, was protective against CVD mortal-
ity (Kushi 1996). Importantly, gamma-tocopherol
concentration has been shown to be reduced among in-
dividuals taking alpha-tocopherol supplements, as in
the Jackson Heart Study, where use of supplements
was common.120 High circulation of alpha-tocopherol
from supplements may reduce gamma-tocopherol
due to competition for hepatic transfer to protein car-
riers, leading to degradation of gamma-tocopherol.121

This illustrates the complexity of differences between
food sources of nutrients in observational studies and
effects of supplements in clinical trials. Together, the
evidence suggests that vitamin E from foods may be
protective, but that supplements are not recommended.
Good food sources of vitamin E include almonds and
sunflower seeds.
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Dietary carotenoids comprise numerous compounds
in plants. In the human diet, the most common caroten-
oids are alpha-carotene, beta-carotene, and beta-
cryptoxanthin, each precursers of vitamin A, and also
lycopene, lutein, and zeaxanthin, found mainly in fruit
and vegetables. In addition to their contribution to
vitamin A, carotenoids act as important antioxidants.
Among the major carotenoids, there is evidence for pro-
tective effects against heart disease for alpha- and beta-
carotene. For example, in the NHS, after 12 years of
follow-up, those in the highest, versus lowest, quintiles
of intake for these two carotenoids had 20% and 25%
lower risk of coronary artery disease, respectively.122

Similarly, an Italian caseecontrol study,123 a Japanese
study,124 and the European Zutphen Elderly Study,125

each showed protection against CVD, MI, or cardiovas-
cular mortality with intake of carotenoids.

Other studies have shown greater protective associa-
tions against CVD with plasma lycopene.126 For
example, the Women’s Health Study showed that those
above, versus below, the median lycopene concentration
had 34% lower risk. In the prospective Kuopio study in
Finland, men in the lowest quartile, versus higher, of
plasma lycopene had 3.3 times the risk of acute coronary
events, and in a cross-sectional study, lycopene was
significantly inversely associated with intima-media
thickness of the carotid artery in men in fully adjusted
models.127,128 Similarly, in the Framingham Heart Study,
lycopene intake was associated with lower incident
CHD, HR ¼ 0.74(0.58e0.94) for each 2.7 times difference
in intake.129 Most recently, a systematic review and
metaanalysis concluded that high intake and serum sta-
tus of lycopene were associated with 26% reduction in
risk of stroke, 14% in CVD, and 37% in total mortality,130

while another metaanalysis of 14 studies131 also
concluded that higher lycopene was associated with
lower risk of CVD, CHD, and stroke. The major source
of lycopene in the US diet is tomatoes, with cooked to-
matoes having more bioavailable lycopene than raw. In
addition to inverse associations with lycopene intake,
Jacques et al.129 found significant associations between
tomato intake and heart disease in the Framingham
Offspring Study; in fully adjusted models, the HR for
intake of tomato products was 0.92(0.86e0.99).
Mechanisms for lycopene against heart disease include
protection of vascular function through prevention of
atherosclerosis, antioxidant, antiinflammatory, anti-
platelet, and antiapoptotic activities.132 A recent review
comparing lycopene versus tomato products in clinical
trials showed that tomato provided better results against
CVD risk factors than lycopene supplementation, with
the exception of blood pressure, where lycopene
appeared more effective.133

Lutein/zeaxanthin has also shown protective effects,
based on an inhibitory effect of lutein on monocyte

migration and on their inflammatory response to
oxidized LDL in mice.134,135 Although human studies
have shown mixed results, a pooled analysis of nine co-
horts showed a significant trend for lower risk of CHD
events with higher lutein intake.136 Lutein is found in
yellow corn, egg yolk, oranges, and dark green leafy
vegetables. It has been shown to inhibit lipid peroxida-
tion132 and therefore is likely to contribute to prevention
of atherosclerosis. Zeaxanthin is an isomer of lutein,
with similar food sources, which has been shown to pro-
tect against oxidative damage by regulating cellular
antioxidant systems, and increasing glutathione concen-
trations in response to oxidative stress.137

As with vitamin E, despite evidence of protective
effects in observational cohorts, RCT have not, for the
most part, shown successful results with supplemental
carotenoid intervention. The most common supplement
has been in the form of beta-carotene. A metaanalysis of
eight trials showed not only no benefit but also slight in-
crease in risk of CVD and mortality. A systematic
review of 12 trials subsequently confirmed significantly
higher risk of mortality (7%) relative to placebo.138,139

Together, this information again suggests caution in
the use of a single nutrient supplements as an inter-
vention, rather than a closer look at the complexity of
food sources.

Among minerals, magnesium is a nutrient of impor-
tance for CVD. A recent overview140 concluded that
higher magnesium intake was associated with lower
risk of metabolic syndrome, diabetes, hypertension,
stroke, and CVD. They cite a pooled analysis of nine pro-
spective cohorts showing inverse borderline associa-
tions of magnesium intake with CHD risk (RR ¼ 0.90,
0.80e0.99) and a Japanese study showing protection
against CHD inmen in the fourth and fifth quintiles rela-
tive to the lowest (P-trend ¼ 0.36). Further, several
studies have shown associations between dietary mag-
nesium intake and risk of CVD mortality, although not
all are consistent. In one metaanalysis, protective effects
were seen only in women.141 However, a more recent
metaanalysis142 showed that those with higher, versus
lowest, intakes of magnesium were 14% less likely to
experience CVD mortality. Magnesium is important for
numerous biological pathways that may affect CVD,
including insulin resistance, dyslipidemia, oxidative
stress, and inflammation.140

C. Food Groups

Despite questions regarding omega-3 fatty acids,
there is considerable support for fish intake in preven-
tion of heart disease. One metaanalysis of 11 studies
over almost 12 y of follow-up showed that consumption
of 2e4 fish meals/week was associated with 23% lower
risk of CHD mortality.143 A more recent review144
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confirms this finding and hypothesizes that the action is
through antiinflammatory actions, inhibition of platelet
aggregation, triglyceride lowering, enhancement of
endothelial function, plaque stabilization, and antiar-
rhythmic effects. They note, however, that despite pro-
tective associations between fish intake and CVD in
observational studies, trials of fish oil have been mixed,
with some, but not all, showing protective effects, sug-
gesting that fish, rather than supplements, is the
preferred method of prevention.

There have been extensive reports of the benefits of
fruit and vegetable intake for heart disease. A recent sys-
tematic review and metaanalysis145 concluded that the
RR/200 g/day of fruit and vegetable intake was
0.92(0.90e0.940) for CHD, 0.84(0.76e0.93) for stroke,
and 0.92(0.90e0.95) for CVD. This, along with the results
of numerous studies, leaves no doubt that increasing
intake of fruit and vegetables is a priority to prevent
heart disease.

D. Dietary Patterns

The evidence for the role of individual nutrients and
foods in chronic disease prevention is important, but
interpreting this evidence demands an understanding
of how each nutrient or food interacts with the total
diet. Therefore, the field has moved toward total dietary
patterns as the important factor in health outcomes.
Several approaches to dietary patterns have been used,
including a priori scores, based on guidelines, and data-
driven scores, based on population intake. These include
the USDA HEI, the DASH diet, the Mediterranean diet,
and data-driven Western versus Healthy diets.

Among these, the Mediterranean diet has risen to the
top of protective patterns against heart disease. This di-
etary pattern emerged from the work of Ancel Keys and
the Seven Countries study, where it was clear that pop-
ulations living near the Mediterranean Sea had lower
incidence of heart disease.146 The main characteristics
of the Mediterranean diet include consumption of olive
oil as the primary source of fat, high intakes of unrefined
cereals, vegetables and fruit, moderate intake of dairy
products, wine, potatoes, fish, olives, legumes, and
nuts, and lower intake of eggs, sweets, red meat, and
meat products.147 Since recognition of the Mediterra-
nean diet, numerous studies have confirmed its utility.
One metaanalysis of eight prospective studies showed
that each 2-point increase in Mediterranean diet score
was associated with 9% lower risk of CVD mortality.148

Most recently, a careful review of the evidence
concluded that there is “strong, plausible and consistent
body of available prospective evidence to support the
benefits of the Mediterranean diet on cardiovascular
health.”149

Another popular and evidence-based diet is the
DASH diet. This diet focuses on maximizing intake of
fruit, vegetables, and low-fat dairy, while limiting red
meat, saturated fat, and sugars. The focus is on blood
pressure, a major risk factor for CVD. In the initial
RCTwith 8 weeks of intervention, the DASH diet signif-
icantly reduced blood pressure.150 Since then, multiple
studies have shown protection from this dietary pattern
against heart disease. A recent analysis of the Singapore
Chinese Health Study151 concluded that the DASH die-
tary pattern was associated with lower risk of coronary
artery disease or stroke mortality. Similarly, analysis of
data from the Million Veterans Program showed an in-
verse association between intake following the DASH
score and incidence of coronary artery disease.152 Simi-
larly, in a British population, those with the highest
DASH diets had 20% lower risk of incident CVD, and
28% lower risk of CVD related mortality, relative to
those with the least DASH type diets.153

The USDA conducted a series of exhaustive evidence-
based systematic reviews on dietary patterns and risk of
CVD.40 They concluded that there is strong or moderate
evidence that dietary patterns high in fruit, vegetables,
whole grains, nuts, legumes, unsaturated oils, low-fat di-
ary, poultry, and fish and low in red and processed meat,
high-fat dairy, and sugar-sweetened food and drinks,
with moderate alcohol, are associated with lower risk of
CVD including heart disease and stroke. They further
concluded that there is strong evidence that the DASH
diet results in lower blood pressure and limited evidence
that vegetarian diets are associated with lower risk.

Together, evidence from dietary patterns supports the
dietary recommendations to maximize intakes of fruit,
vegetables, fish, whole grains, nuts, and seeds and to
reduce intakes of meat, processed meat, and refined car-
bohydrates, including sugars and products from refined
flour.

VI. CONCLUSION

Overall, the evidence is relatively consistent that the
same healthful foods protect against obesity, type 2 dia-
betes, and CVDs. These include diets higher in fruit,
vegetables, whole grains, nuts and seeds, and low-fat
dairy products and lower in processed meat, SSB,
refined baked products and other refined grains, and
salty snacks. Dietary patterns, including the Mediterra-
nean and DASH diets, appear to offer considerable
evidence-based protection. Considerable efforts are
needed not only in nutrition education to promote these
diets but also with industry to reduce exposure to en-
ergy-rich, nutrient-poor foods that are attractive and
affordable, but they contribute to the high burden of
chronic disease in the United States and beyond.
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RESEARCH GAPS

• Althoughmuch has been published on diet and chronic disease, it is becoming more apparent that these risks
are dependent on interactions with other risks. More research is needed on these interactions, including other
health behaviors and genetic variation to move toward personalized nutrition information.

• Current approaches to diet and health research are limited by existing statistical techniques. Innovation in
complex data techniques, including machine learning, may lead to improved assessment of dietary risks in
complex situations.

• While we have learnedmuch about food groups and dietary patterns, dietary quality within food groups and
patterns may be of even greater importance. Methods to examine this detail will require enhancements to
current methods of dietary assessment.
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SUMMARY

Eating disorders are associated with significant medical and psychiatric comorbidity and have among the
highest mortality rates of any psychiatric disorder. In the case of anorexia nervosa (AN), the majority of
medical complications are related to the direct effect of starvation and malnutrition on the body, whereas
with bulimia nervosa (BN), complications are related primarily to purging or other compensatory behav-
iors. Treatment for eating disorders should involve a multidisciplinary team, with assessments addressing
the medical, nutritional, and psychological components of the disorder. Family-based treatment (FBT) and
cognitive behavioral therapy (CBT) are the leading evidence-based forms of treatment for eating disorders.
Although the prognosis for those who receive treatment is promising, there is a need to improve access to
evidence-based treatments and to remove barriers to care, as many individuals with eating disorders do not
receive treatment.

Keywords: Anorexia nervosa; Assessment; Binge eating disorder; Bulimia nervosa; Nutritional assessment;
Other specified feeing or eating disorder; Treatment.

I. INTRODUCTION

Eating disorders are serious mental illnesses associated
with significant medical and psychiatric comorbidity.1,2

Examples of eating disorders include AN, BN, and binge
eating disorder (BED).

AN is characterized by significantly low body weight,
fear of gainingweight or engaging in behavior that inter-
feres with weight gain, and disturbance in the way one’s
body weight or shape is experienced, overvaluation of
weight or shape, or lack of recognition of the serious na-
ture of the low weight.3 Two subtypes of AN are identi-
fied: restricting type and binge eating/purging type.
Lifetime prevalence rates are estimated to be 0.9% for
women and 0.3% for men.4 Among adolescent girls, it

has been identified as the third most common chronic
condition after obesity and asthma.5

BN is characterized by binge eating, which involves
eating a large amount of food in a discrete period of
time and experiencing a loss of control over eating,
and compensatory behaviors such as self-induced vom-
iting. These behaviors must occur at least weekly for
3 months and are accompanied by overvaluation of
shape and weight.3 Lifetime prevalence rates are esti-
mated to be 1.5% for women and 0.5% for men.4

Individuals with BED engage in binge eating, at least
weekly for 3 months, but do not engage in compensa-
tory behaviors. The binge eating is associated with
marked distress.3 Lifetime prevalence rates for BED
are 3.5% for women and 2.0% for men.4 Those who
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experience clinically significant difficulties with eating
or weight but do not meet full criteria for AN, BN, or
BED may be given a diagnosis of other specified feeding
or eating disorder (OSFED). The lifetime prevalence rate
of OSFED has been found to be 7.64% among women.6

Although not full threshold eating disorders, those
with OSFED do not differ in terms of impairment7 and
several studies have found few differences between sub-
threshold and full threshold eating disorders in terms of
symptomatology,8 medical complications,9 and
response to treatment.10

Psychiatric comorbidities among eating disorders are
common, with 56.2% of patients with AN, 94.5% of pa-
tients with BN, and 78.9% of patients with BED
meeting criteria for at least one DSM-IV disorder,4

most commonly mood and anxiety disorders. Eating
disorders are associated with impaired quality of life11

and elevated mortality rates.12,13 AN in particular has
mortality rates that are among the highest of any psychi-
atric disorder,12 and individuals with AN are 31 times
more likely to die by suicide than those in the general
population.14

II. MEDICAL COMPLICATIONS OF
EATING DISORDERS

AN and BN are associated with significant medical
complications. In the case of AN, the majority of compli-
cations are related to the direct effects of starvation and
malnutrition on the body, whereas with BN complica-
tions are related primarily to purging or other compen-
satory behaviors. Patients who do not meet full criteria
for AN or BN or are diagnosed with OSFED often
have the same severity of medical complications and
need similarly detailed evaluation and management.9

Fortunately, many of these complications are reversible
with a return to a healthy weight and resumption of reg-
ular eating patterns and absence of purging behaviors.
Although a comprehensive review of the medical com-
plications associated with eating disorders is beyond
the scope of this chapter, this section will provide an
overview of some of the more common and most severe
medical problems.

A. Anorexia Nervosa

Starvation impacts nearly every organ system in the
body, and medical complications can occur within a
relatively short time frame from onset of illness. Patients
suffering from AN very often have bradycardia,
hypotension, and dizziness, along with tachycardia
associated with minor exertion.15 A case series found
that 69.6% of patients with AN presented with a heart
rate under 50 beats per minute.16 Vital signs typically
normalize with refeeding once patients reach at least

85%e90% of their expected body weight (EBW)17 and
may occur more quickly with consistent early nutrition.
One-third of deaths in AN are attributed to cardiac
causes.18 Longstanding AN can lead to thinning of the
cardiac muscle19 and myocardial fibrosis,20 both of
which can contribute to reduced cardiac function and ar-
rhythmias. Although it is important to note that these
changes are typically found in patients with longstand-
ing AN, all patients with AN should be evaluated and
monitored by a medical professional experienced in
treating eating disorders.

Patients with AN almost universally report gastroin-
testinal (GI) symptoms during starvation and refeeding.2

Gastroparesis, bloating, fullness, nausea, constipation,
and abdominal pain are all common due to the altered
motility that occurs with starvation.21 Reassurance and
supportive management, including small frequent
meals, limiting fiber and legumes, and the use of liquid
supplementation early in refeeding, are the mainstay of
management. Medications targeted at symptom man-
agement may also be considered. These medications
include promotility agents like erythromycin and
metoclopramide, antispasmodic agents including hyo-
scyamine and dicyclomine, and medications for gastro-
esophageal reflux disease.

Hepatitis is another common finding in patients with
AN during both starvation and refeeding. During star-
vation/malnutrition, elevations in liver transaminases
(alanine aminotransferase and aspartate aminotrans-
ferase; AST and ALT) are common and relate to
apoptosis (programmed cell death) of liver cells. During
refeeding, this can also occur as nutrition is reintroduced
and dextrose is converted to fat and deposited rapidly in
the liver. Both these causes of transaminitis resolve with
nutritional restoration, though patients with more se-
vere AN are more likely to be affected.22

Endocrine abnormalities are also common with AN as
starvation downregulates the hypothalamicepituitary
(HPA) axis. Amenorrhea occurs in 60%e85% of women
with AN.23 Additionally, low bone mineral density is
common with AN and is a relatively early complication
of starvation. Low bone mineral density is influenced
by interruption of peak bone mass acquisition (usually
between ages 17 and 22 years of age), as well as both
increased bone resorption and decreased bone formation.
Additionally, the downregulation of HPA axis leads to
elevated hydrocortisone, low insulin-like growth factor-
1, and low androgen levels (estrogen, progesterone,
testosterone), all of which impact bone formation and
resorption. Patients with AN who have longer durations
of illness, later onset of menarche, and/or longer time
frame of amenorrhea are at the highest risk of low bone
mineral density.24 Of note, hormonal therapy with estro-
gen (in the form of combined oral contraceptive pills) has
not consistently demonstrated benefit in reversing bone
mineral loss; rather nutritional restoration and adequate
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calcium and vitamin D are the mainstays of treatment.
25,26Weight-bearing exercise is also not helpful in promot-
ing skeletal development in patients who are not a
healthy weight or are not menstruating and may increase
risk of fracture.27

Finally, patients with AN may have a myriad of lab-
oratory abnormalities including electrolyte distur-
bances, elevated transaminases, anemia, leukopenia,
and in more severe cases, vitamin and micronutrient
deficiencies. Anemia, including low ferritin and hemo-
globin, and leukopenia from bone marrow suppression
are a result of starvation and malnutrition. Patients
with AN may have hypophosphatemia and hypoglyce-
mia, but normal values of the other serum electrolytes
are generally preserved even with severe malnutrition.
Vitamin D deficiency is relatively common. Other defi-
ciencies are sometimes seen in patients with particu-
larly restrictive diets including very low-fat or vegan
diets.

B. Bulimia Nervosa

Patients with BN have not only overlapping compli-
cations with AN including GI symptoms, abnormal vital
signs, irregular menses, and others but also unique com-
plications related to purging behaviors. Electrolyte
abnormalities are common, and patients most typically
have a metabolic alkalosis with hypokalemia, hypo-
chloremia, and hyponatremia. Significant hypokalemia
is associated with purging behavior but is not diagnosti-
cally sensitive, so it should not be used as a screening
test for bulimia.28 Patients are often asymptomatic or
may present with weakness, fatigue, dizziness, and
paresthesias. Severe hypokalemia (K < 2.5 mmol/L)
can lead to muscle breakdown and cardiac arrhythmias
that can be fatal. In severe cases, short-term electrolyte
repletion may be warranted along with working toward
cessation of purging behavior. Fluid resuscitation
should be done judiciously, as rapid fluid rehydration
can lead to edema, which can be painful and distressing
to patients. It is also important to remember that many
patients with purging behavior present with normal
electrolytes, and this should not suggest that they are
not engaging in serious eating disordered behavior.
Additionally, in healthy patients presenting with iso-
lated hypokalemia, covert purging behavior should be
strongly considered in identifying the etiology.

GI symptoms are also very common in patients with
BN. Patients engaging in self-induced vomiting often
have significant reflux/heartburn, dysphagia, and chest
pain. Reflux symptoms should be treated promptly as
the acid over time damages the esophagus and can lead
to chronic esophageal changes. BNpatients often struggle
with constipation, bloating, fullness, and delayed gastric

motility. Patients who purge using laxatives may experi-
ence more significant symptoms, though there is little
evidence to support gradual tapering off of laxatives.19

Rather, use of nonstimulant laxatives, consistent fluid
intake, and behavioral strategies are the main treatments
for constipation. Patients also need reassurance that their
symptoms will improve as bowel function returns to
normal and their nutrition improves.

Patients with BN may have many other complica-
tions, including salivary gland swelling, sore throat,
erosion of dental enamel, esophageal tears, and cardiac
symptoms. Ongoing medical symptoms in patients
with BN should be evaluated closely by a medical
provider with expertise in eating disorders, even if
symptoms seem fairly minor or not impairing.

C. Micronutrient Deficiencies

Vitamin and mineral deficiencies in patients with
eating disorders are an area of ongoing study, and an in-
dividual’s specific food and eating behaviors, as well as
illness duration and severity, may help to identify indi-
vidual risk. Patients may also be at risk for excessively
high intake of certain micronutrients, depending on the
type of restrictive diet the eating disorder prescribes.
Generalized guidelines do not currently exist, but rather
supplementation should focus on an individual’s history
and dietary intake.

Electrolyte abnormalities from purging behavior
(vomiting and laxative abuse) are critical to identify
and address. The most common electrolyte abnormality
is elevated serum bicarbonate from chronic vomiting.
This metabolic alkalosis can also result in low chloride
(hypochloremia), low potassium (hypokalemia), and
low sodium (hyponatremia). Hypokalemia, when severe
(<2.5 mmol/L), can result in cardiac arrhythmias, mus-
cle breakdown, and sudden death. Hypomagnesemia
can also occur and contribute to cardiac abnormalities,
particularly in the setting of hypokalemia.

Patients with chronic purging behavior (vomiting
specifically) are persistently hypovolemic and often
have upregulation of the reninealdosteronee
angiotensin axis. Increased aldosterone, in response to
hypovolemia, acts to increase salt absorption and bicar-
bonate resorption, while wasting potassium and
hydrogen. This phenomenon, known as pseudo-Bartter’s
syndrome from chronic vomiting or diuretic abuse,
leads to the electrolyte disturbances described above.29

Patients with laxative misuse can present with either a
metabolic acidosis or alkalosis, depending on the type,
chronicity, and stooling pattern, as well as any concur-
rent purging behaviors.

Common mineral deficiencies in patients with eating
disorders include calcium, iron, and zinc. Serum
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calcium levels in patients with eating disorders are typi-
cally normal, as the body pulls calcium from bone to
preserve serum calcium levels. Careful dietary history
is important to identify whether patients are consuming
adequate calcium. If possible, calcium should come from
dietary sources, though supplementation is appropriate
when needed. Patients with eating disorders may be at
higher risk for iron deficiency, though data are mixed.
In assessing patients with eating disorders, dietitians
should identify iron sources in intake, consumption of
beverages that inhibit iron absorption (coffee, tea,
others), and whether amenorrhea is present. A plasma
ferritin level can also help to identify early iron defi-
ciency and whether supplementation is indicated.

Zinc deficiency in patients with eating disorders is an
area of more robust study but no clear consensus.
Patients may present with zinc deficiency due to low
intake or impaired absorption. There is also some evi-
dence that zinc deficiency may impair sense of taste,
making increased nutrition and weight restoration
more challenging for patients.30 Empiric supplementa-
tion for all patients is likely not indicated, but all patients
should be screened for zinc deficiency in dietary history
and if indicated, serum testing, and supplemented if
appropriate.

Vitamin deficiencies occur in patients with eating dis-
orders and particularly in patients with comorbid
alcohol use disorders. Thiamine (vitamin B1), pyridox-
ine (vitamin B6), and folic acid deficiencies are more
common in patients with eating disorders and alcohol
use disorders. Thiamine should also be supplemented
empirically in patients with eating disorders who are
hospitalized related to malnutrition, as deficiency can
lead to irreversible WernickeeKorsakoff syndrome.

Lastly, vitamin D deficiency is an area of intense
study in many disease states, and no clear guidelines
for supplementation exist. Patients with eating disorders
should be screened for vitamin D deficiency (serum 25-
hydroxy vitamin D <30 ng/mL) given its importance in
bone health, and supplemented when deficient.

D. Refeeding Syndrome

Refeeding syndrome is a preventable but life-
threatening complication of malnutrition among pa-
tients who are being refed and involves dangerous shifts
in electrolytes and fluids,31 which can lead to cardiovas-
cular collapse and death.15 In response to the initiation
of nutrition, insulin is released leading to cellular shifts,
primarily in potassium and phosphorus. The decrease in
extracellular phosphorus leads to inadequate substrate
for the production of adenosine triphosphate, which is
necessary for muscle contraction. In severe cases, this
can lead to respiratory and cardiac muscle weakness,
heart failure, seizure, and death. Any patient at risk

for refeeding syndrome should be hospitalized in an
inpatient setting for initial medical and nutrition man-
agement. Patients most at risk are those who are below
70% of their EBW, have a body mass index (BMI)
of <14, or have lost more than 5%e10% of their body
weight within a short period of time.32 The National
Institute for Clinical Excellence guidelines for adult pa-
tients at risk of refeeding syndrome provide somewhat
more comprehensive criteria (see Table 19.2).33 Whether
these same parameters should apply to younger
patients, who generally have a lower risk of refeeding
syndrome, is a topic of ongoing inquiry.

For patients at risk for refeeding syndrome, the long-
standing approach of advancing nutrition very slowly
for fear of refeeding complications (electrolyte
disturbance, cardiovascular collapse) has been refuted,
and several recent studies support more aggressive
nutritional interventions and quicker calorie
advancement.34,35 Mehler and colleagues32 provide an
overview of methods for bringing about nutritional
rehabilitation while avoiding medical complications.
Prior to initiating nutritional rehabilitation, Mehler and
colleagues recommend (1) identifying patients at risk
and (2) measuring serum electrolytes and correcting
any baseline abnormalities prior to nutrition. When initi-
ating nutritional restoration, it is recommended to start
at 30e45 kcal/kg/day and then advance by
300e400 kcal/day every other day as tolerated. Often
patients without evidence of refeeding syndrome can
then have a more aggressive calorie advance. Initially,
practitioners should follow electrolytes closely (likely
daily) for the first 5e7 days of nutritional restoration,
specifically potassium, phosphorus, magnesium, and
sodium. Correction of any abnormalities should be
initiated early in deficiency, rather than waiting for a
critically low value. Patients should be prescribed a
low-fiber and low-lactose diet as needed, and protein
generally should not exceed 2 g/kg/day. Additionally,
attention to low-volume, high-density foods may help
patients with feeling excessively full and distressed. At
times, enteral nutrition via nasogastric tube may be
required initially or as a supplement. There are isolated
scenarios in which total parenteral nutrition may be
indicated, but this is exceedingly rare and only in cir-
cumstances where enteral nutrition is not feasible.36

Calorie requirements for sustained weight gain vary
among patients though are often higher than many pro-
viders expect, particularly in younger patients. Females
may need 3500 kcal/day, and males may need in excess
of 4000 kcal/day. Inpatients with AN may achieve
weight gain of 3e4 pounds/week, while outpatients a
more modest goal of 1e2 lb/week is appropriate. Pa-
tients not at risk for refeeding syndrome can have
more liberal calorie escalation and can often be managed
in an outpatient setting with a multidisciplinary team.
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In summary, AN, BN, and OSFED have significant
medical complications associated with illness, and pa-
tients should have close medical monitoring at onset of
treatment and throughout their course. Fortunately,
many of the medical complications will resolve with
restored weight and nutrition, but the sooner nutrition
is initiated, the less likely patients will have long-term
sequelae of their illness.

III. ASSESSMENT

A. Medical Assessment

A thorough evaluation by a medical provider experi-
enced in eating disorder care is an essential component
of assessment and treatment planning. Patients with
eating disorders often do not present with symptoms
specifically attributable to the eating disorder or may
attempt to mask their eating disorder behaviors. Com-
monly, patients present with nonspecific complaints
like cold intolerance, fatigue, bloating or GI symptoms,
numbness, and tingling or edema.

An initial assessment should include a thorough
catalog of symptoms by organ system (see Table 19.1),
specific questions to ascertain the type and frequency
of eating disorder behaviors, physical exam, and labora-
tory evaluation. The physical exam should include
careful measure of height, weight, and BMI. Resting
pulse and blood pressure, temperature, and orthostatic
vital signs should also be measured.17 Patients with
AN are often bradycardic, hypotensive, hypothermic,
and may have orthostatic vital signs due to dehydration
and altered autonomic tone. Physical exam findings in
patients with AN may include changes in skin turgor,
dry mucous membranes, dry skin, brittle hair and nails,
fine lanugo on extremities and face, and hair loss on the
scalp. Additionally, patients with ANmay have cyanosis
of their hands and feet, edema (generally nonpitting),
cardiac murmurs, hypoactive bowel sounds, and gener-
alized weakness.

In patients with BN, the physical exam findings are
somewhat different. Patients may have a “normal”
weight, pulse, and blood pressure but often have ortho-
static vital signs from the chronic volume depletion
associated with purging. Additionally, patients with
BN may have dental erosions, enamel defects (particu-
larly the lingual surface of upper teeth), angular cheilo-
sis of the lips, periorbital petechiae, subconjunctival
hemorrhage, and painless swelling of the parotid
glands. Russell’s sign, a well-known symptom of BN
that describes callouses on the dorsum of the hand
from repeated irritation from self-induced vomiting, is
more commonly present early in the illness if at all.

As part of a comprehensive medical assessment, all
patients should undergo laboratory testing. The
following screening is recommended for all patients
with eating disorders at initial assessment:

• complete blood count with differential,
• serum electrolytes including calcium, magnesium,

and phosphorus, BUN, and creatinine,
• liver function tests,

TABLE 19.1 Medical signs and symptoms in patients with eating
disorders.

Organ system Anorexia nervosa Bulimia nervosa

General Weakness
Dry skin

Swelling of feet/ankles
Weakness/fatigue

Ear, nose, and throat Swollen cheeks
Nosebleed
Sore throat
Teeth sensitivity

Endocrine Amenorrhea
Cold intolerance
Infertility

Irregular menses

Neurologic Dizziness
Headache

Numbness and tingling
Dizziness
Headache

Cardiovascular Palpitations
Chest Pain
Syncope

Palpitations
Chest Pain

Gastrointestinal Nausea
Heartburn
Abdominal Pain
Early satiety
Constipation

Heartburn
Difficulty swallowing
Constipation/diarrhea
Rectal bleeding
Abdominal pain
Abdominal bloating

Musculoskeletal Low back pain

Psychiatric Irritability
Poor sleep

Depression

TABLE 19.2 NICE guidelines for identification of adult patients
at high risk for refeeding syndrome.33

Patient has one or more of the

following:

OR Patient has two or more of

the following:

• BMI < 16 kg/m2

• Unintentional weight loss of
> 15% in the previous 3-6
months

• Little or no nutritional intake
for > 10 days

• Low levels of potassium,
phosphorus, or magnesium
before refeeding

• BMI < 18.5 kg/m2

• Unintentional weight loss of
> 10% in previous 3-6 months

• Little or no nutritional intake
for > 5 days

• History of alcohol misuse or
drugs, including insulin,
chemotherapy, antacids or
diuretics
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• serum salivary amylase level,
• Vitamin D (25-hydroxy), and
• thyroid function.

Additionally, many patients also require electrocar-
diogram (EKG) and bone densitometry (DEXA).

B. Nutrition Assessment

The role of the dietitian as an essential component in
the assessment and treatment of eating disorders is sup-
ported by the Academy of Nutrition and Dietetics
(AND)37 and the American Psychiatric Association.38

The dietitian’s role in eating disorder treatment begins
with a thorough evaluation or assessment that
adequately addresses the patient’s nutritional status,
knowledge base, motivation, and current eating and
behavioral status.39

AND provides a framework for conducting nutrition
assessments as part of the Nutrition Care Process
Model.40 This standardized practice of care has five
domains for nutrition assessment, which includes
anthropometric measurements, biochemical data and
medical tests/procedures, food and nutrition-related
history, client history, and nutrition-focused physical
exam findings. While this model is intended to be
used transdiagnostically, it can be tailored to eating dis-
orders to help the team evaluate the physiologic effects
of the disordered eating patterns and/or malnutrition
and the severity of the eating disorder. The adapted
nutrition assessment can also be instrumental in
designing a nutrition plan.

Anthropometric measurements: These include cur-
rent weight and height, BMI, growth chart percentiles,
weight history (lowest and highest weights), and weight
fluctuations (recent losses or gains). The dietitian can
use this information to determine percent EBW and
percent weight loss to help determine the presence
and severity of malnutrition, especially in AN. Growth
chart percentiles and historical growth patterns are of
importance, particularly in the adolescent population,
as they can be useful in helping the team determine a pa-
tient’s restoration weight goal. This typically necessi-
tates obtaining medical records from the patient’s
primary care practitioner.

Biochemical data and medical tests/procedures: Any
relevant biochemical data or medical procedure results
should be part of the nutrition assessment and
interpreted along with other findings as part of the
assessment. Commonly acquired laboratory markers of
overall nutritional status (e.g., serum albumin, prealbu-
min, transferrin, and retinol-binding protein) may not be
accurate in the eating disorder population. Several influ-
encing factors common in patients with eating disor-
ders, including under- or overhydration, may alter the

results.41 Although historically popular, studies are
inconsistent in showing the validity of serum markers
as determinants of patients’ nutritional status.42 Rock41

recommends several biochemical measures of micronu-
trients that may be useful (and more reliable) as compo-
nents of a nutrition assessment: vitamin E, vitamin D,
folate, and ferritin. Laboratory measures of potassium
and magnesium may reveal the presence of purging be-
haviors and/or laxative use.43 Bhardwaj et al.42 suggest
that objective laboratory findings be used in conjunction
with a nutrition-focused physical exam and other
relevant clinical data to assess presence or level of
malnutrition and guide intervention strategies. Newly
diagnosed patients should have initial laboratory
screening, but practitioners should be cautioned that
normal results may not be unusual and should not
rule out serious illness or medical instability from a
diagnosis.22,27 A dual-energy X-ray absorptiometry
scan can be useful in assessing the bone mineral density
of patients and can help determine the absence or pres-
ence of osteopenia. This type of procedure may be more
appropriate for female patients with amenorrhea for
more than 6e12 months22 or male patients with AN
who have had an abnormally low weight for
>6 months.27,44

Food and nutrition-related history: The food and
nutrition-related history portion of an assessment will
likely be the most in-depth and time-consuming, yet
most informative in terms of present and past disor-
dered eating patterns and attitudes pertaining to weight,
shape, and eating. Interviewing techniques that are
nonjudgmental and nonleading are essential in this pop-
ulation and can lead to more truthful representation of
intake. Because certain symptoms, such as binge eating,
can be present across eating disorder diagnoses, the
nutrition assessment is most useful in diagnosis and
treatment if it is inclusive of all potential disordered
eating behaviors. A thorough understanding of a pa-
tient’s current food and nutrient intake patterns includes
the frequency, volume, and physical environment of
food (and beverage) consumption and the use of supple-
ments (vitamins, minerals, herbals).

Clinically, knowing a patient’s typical food intake
may provide insight into potential micronutrient defi-
ciencies that were not confirmed by laboratory measure-
ment or provide support for the ordering of specific
laboratory measurements. While there are several
methods to establish intake, a 24-h food recall may be
the most useful tool, and multiple 24-h food recalls
may be better reflective of overall eating patterns.41

Thirty-day food frequency questionnaires can be time-
consuming and do not change the treatment model. To
ensure accuracy of the 24-h food recall, it is important
to either have parents complete it (for child and
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adolescent patients) or try to obtain collateral informa-
tion from parents or other family members (for older
patients).

Disordered eating patterns may vary from day to day,
as in the case of BED (binge vs. nonbinge days) or BN
(binge vs. restricting days). Questions about food rules
and calorie and/or macronutrient restrictions are rele-
vant in assessing the extent of disordered eating. Differ-
entiating between a food restriction that is eating
disorder-driven versus a religious, cultural, or personal
preference (present prior to disordered eating behav-
iors) is important. In addition, known (or suspected)
food allergies, sensitivities, and intolerances are relevant
for creating a customized plan for treatment. Under-
standing a patient’s daily activity patterns, including
purposeful exercise, can help determine current energy
expenditure. The presence and frequency of purging
and other compensatory behaviors should be assessed,
as should the use of laxatives, diuretics, weight loss
aides, and coffee consumption.

Client history: Gaining perspective on a client’s his-
tory related to disordered eating can help guide the
development of a treatment plan. Reaching out to a
past provider, with a release of information in place,
may provide the current treating team with insight
into what may or may not have been successful in the
patient’s past recovery process. A family history of
eating disorders (treated or untreated) may be relevant,
especially if the patient is currently residing with that
person or the family member is a significant influence
on the patient. Socioeconomic questions may help reveal
the patient’s financial security and access to food,
knowledge of health, and level of support systems.
Questions about oral health can rule out any barriers
to food consumption and potentially prompt a referral
to a dental health professional. Binge eating and purging
behaviors, as well as nutritional deficiencies, may have
detrimental effects on oral health, ranging from thermal
sensitivity to periodontal disease.45

Nutrition-focused physical examination: Although a
comprehensive eating disorder treatment team will
have a medical practitioner to provide a thorough phys-
ical examination, the dietitian’s exam remains helpful as
a potential confirmation of the physician’s findings.
Additionally, the dietitian may be interacting with the
patient more frequently than the medical provider and
may have more opportunity to notice any physical
changes that could be reflective of new disordered
eating patterns or those not identified during initial
diagnosis. Eating disorders of the restricting type (AN)
may be quite visible during a nutrition-focused physical
exam, as low body weight and muscle and fat wasting
are often present. Observations of weakened nails and
fragile, dry hair are not uncommon43 and indicate a
significant level of malnourishment. The dietitian

should be familiar with the physical features commonly
associated with BN as outlined in the Section IV.A of this
chapter.

A comprehensive nutrition assessment, along with
psychological and medical assessments, can help estab-
lish an eating disorder diagnosis and be instrumental in
the development of a treatment plan for recovery. The
process of assessment is an ongoing one, encompassing
a need to reevaluate and reformulate treatment plans as
more information comes to light, symptoms worsen or
improve, and priorities shift.46

C. Psychological Assessment

The nature of the psychological portion of an assess-
ment will vary depending on the treatment setting and
the purpose of the assessment, e.g., screening, diagnosis,
or treatment planning and outcome.47 Although it is
beyond the scope of this chapter to provide a compre-
hensive overview of the possible components of an
assessment, this section will describe some important
considerations when conducting a psychological assess-
ment of an individual with an eating disorder.

Assessments should include a history of the current
illness, including information on the onset and course
of the disorder over time. Highest and lowest previous
weights may provide helpful information on the degree
of weight loss as well as a possible estimate of the target
weight range for weight restoration. Current and past
eating disordered behaviors should be assessed,
including presence and frequency of binge eating, self-
induced vomiting, laxative misuse, diuretic misuse,
diet pill use, driven exercise, and fasting, as well as
any other methods intended to result in weight loss
(e.g., misuse of prescription medications, smoking). It
may also be useful to inquire about other appearance-
related activities such as body checking. A 24-h food
recall will be useful in obtaining information on the de-
gree of restriction and/or pattern of binge eating and
purging. Information should also be obtained on current
and past treatment received, including outpatient treat-
ment, inpatient hospitalization, and other levels of care,
such as partial hospitalization or intensive outpatient
programs.

Although in certain settings it may not be possible to
conduct a full structured diagnostic interview, it is
important to inquire about mood and anxiety symp-
toms, as these are often comorbid with eating disorders.4

Obtaining a timeline of symptoms is necessary to deter-
mine whether mood and anxiety symptoms are second-
ary to the eating disorder and may remit as the eating
disorder improves or preceded the eating disorder and
may require separate treatment. Information on
self-harm and suicidality should also be gathered. A
metaanalysis found that 27.3% of patients with eating
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disorders engage in nonsuicidal self-injury,48 and one in
five deaths in AN is due to suicide.12 Substance use is
important to assess, particularly as it may relate to disor-
dered eating behavior and attempts at weight loss (e.g.,
misuse of stimulants). Asking patients about current
work and/or educational status may provide a picture
of their degree of functional impairment as a result of
the eating disorder. Obtaining information about trauma
history is also important, as patients with eating disor-
ders, particularly those with binge/purge symptoms,
often have a history of trauma.49

In addition to the content of the information gath-
ered as part of the assessment, it is important to
consider the ways in which this information is gath-
ered. Those with eating disorders may minimize symp-
toms in a face-to-face interview, either because of
shame or embarrassment, as is sometimes seen in
BN,50 or due to ambivalence about the prospect of re-
covery, as is often seen in AN.51 Using both interviews
and self-report measures may circumvent this chal-
lenge and provide more complete information. Inter-
views and self-report measures tend to provide
similar information regarding unambiguous behaviors
such as self-induced vomiting, but self-report measures
result in higher scores on more complex concepts such
as binge eating.52 It is also important, particularly with
children and adolescents, to gather collateral informa-
tion from parents or other family members who are
familiar with the patient’s eating behaviors. In addition
to being reluctant to share information, younger pa-
tients sometimes have difficulty articulating the rea-
sons behind their engagement in certain eating
disordered behaviors. For a more thorough overview
of eating disorder assessment, as well as a description
of commonly used interviews and self-report measures,
see Mitchell and Peterson.53

IV. RISK FACTORS FOR EATING
DISORDERS

Eating disorders are complex disorders with multiple
factors contributing to their onset and development.
Research has found a significant genetic component to
AN and BN, with approximately 50%e80% of the vari-
ance in liability to the disorders, and disordered eating,

being accounted for by genetic factors.54,55 Risks of
developing eating disorders are approximately 4e11
times higher among first-degree relatives of those with
eating disorders than among controls.56

Perceived pressure to be thin and internalization of
the Western “thinness ideal” can precede body dissatis-
faction andweight and shape concerns,57 which can lead
to dieting, a significant risk factor for both AN and
BN.58e60 Additional risk factors for AN include female
gender, childhood picky eating, adolescent age, early
pubertal timing, obsessive-compulsive personality dis-
order, increased exposure to sexual abuse and other
negative life events, and perfectionism. Additional risk
factors for BN include female gender, higher BMI,
higher levels of psychiatric morbidity or negative affect,
adolescent age, early pubertal timing, and low self-
esteem. Risk factors for BED include low self-esteem,
high body concern, low perceived social support, and
childhood experiences of sexual abuse and physical
neglect. For a thorough review of risk factors for eating
disorders, see Jacobi et al.60 (Table 19.3).

While eating disorders are popularly viewed as a
response to desire for control, there is little research to
support this claim61 and, in fact, those with eating disor-
ders maintain very little control over their disordered
eating behaviors without treatment. Another factor that
has not consistently been found to put people at risk for
eating disorders is poor family functioning. Although
historically eating disorders have often been associated
with dysfunctional families, research has not supported
this and the idea that families cause eating disorders
has largely fallen out of favor.62 This is particularly rele-
vant given the rise of family-based treatment (FBT) for
adolescent eating disorders.

V. TREATMENT

A. Family-Based Treatment

FBT63 has emerged as the first-line treatment for ado-
lescents with AN,33 and there is evidence to support its
use for adolescents with BN,64 as well as young adults
with AN.65 AN is an egosyntonic disorderdthat is,
those with AN often value their disorder and are ambiv-
alent about recoverydso individuals with AN are often
reluctant to engage in treatment. However, AN is a
potentially fatal disorder and becomes more difficult to
treat as time goes on, making early, effective interven-
tion critical to recovery. FBT for AN avoids the diffi-
culties associated with egosyntonicity and lack of
motivation by putting parents in charge of the weight
restoration process. This is done by temporarily asking
parents to make all eating-related decisions for their
child, much like a treatment team would do if the child

A multidisciplinary assessment that addresses
the medical, nutritional, and psychological
components of eating disorders is critical for
treatment planning.

Section C. Clinical Nutrition

19. EATING DISORDERS354



were on an inpatient unit. This is often met with consid-
erable resistance, but the parents are empowered by the
treatment team to manage this resistance and return
their child to health. Once the patient has gained weight
and his or her thinking is less clouded by the eating dis-
order, the patient is gradually given back more responsi-
bility over his or her eating.

The rationale behind FBT’s initial focus on weight
restoration and a rapid return to physical health is based
in part on the Minnesota Starvation Study, in which 36
healthy men who were conscientious objectors to World
War II participated in an experiment in which they were

put through a period of semistarvation and lost approx-
imately 25% of their body weight.66,67 In addition to pro-
found physical changes, such as heart rate dropping
from 55 to 35 beats per minute and a 40% decrease in
basal metabolic rate, the men saw significant psycholog-
ical changes. They became increasingly irritable and
impatient, had difficulty concentrating, and became
more socially withdrawn and apathetic. Some devel-
oped obsessive rituals around eating or started binge
eating. These are all symptoms that are often present
in patients with AN; part of the significance of the Min-
nesota Starvation Study was showing that the secondary
symptoms often associated with AN are simply a result
of malnutrition, and that with weight restoration, these
symptoms can be reversed and the patient can recover.

The study also dispelled a popular myth about AN,
that people suffering from it must “want to get better”
before they can achieve recovery. In fact,

The degree of apathy shown by the subjects, as well as their
physical decline, led him to the conclusion that the mental atti-
tude of starved persons cannot be changed for the better until
they have been physically rehabilitated, [Keys] asserted.68

This is an important note to those treating AN: regain-
ing weight generally precedes, rather than follows, a
desire to recover.

The FBT treatment team consists primarily of a
licensed mental health professional, a physician to
manage medical complications, and a psychiatrist, if
necessary, to manage medications. The team guides par-
ents in accessing the knowledge that they have about
nutrition and feeding their child to bring about rapid
weight restoration, often with a guideline of
3000e5000 calories per day. This is also based in part
on Keys et al.’s work,67 who found that the study partic-
ipants needed 4000 calories daily to achieve weight
restoration. FBT does not use meal plans, and there is
not a large focus on the exact nutritional breakdown of
the calories provided; rather, parents are encouraged
to find the solution that best fits their particular family.
As Keys concluded

The character of the rehabilitation diet is important also, but
unless calories are abundant then extra proteins, vitamins and
minerals are of little value.68

Treatment studies of FBT have not included regis-
tered dietitians (RDs) as part of the treatment team.
However, RDs are an important part of many eating
disorder teams and can support FBT tenets by meeting
primarily with the parents, rather than the adolescent
patient, and supporting parents to find their own solu-
tions to the refeeding process rather than prescribing a
specific approach.69

TABLE 19.3 Risk factors for eating disorders.

Risk factor

Anorexia nervosa Genetic factors

Female gender

Premature delivery
Ethnicity

Obstetric complications

Picky eating

Adolescent age

Early pubertal timing

Weight and shape concerns

Dieting

Bulimia nervosa Genetic factors

Female gender

Ethnicity

Obstetric complications

Early childhood health problems

Higher BMI

Childhood sexual abuse

Negative affectivity

Low interoceptive awareness

Adolescent age

Early pubertal timing

Low self-esteem

Weight and shape concerns

Binge eating disorder Low self-esteem

High body concern

High use of escape-avoidance
coping

Low perceived social support

Childhood sexual abuse
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An important and useful part of FBT involves sepa-
rating the disorder from the patient. Some families will
name the eating disorder, often “Ed,” to further empha-
size the distinction between the illness and their healthy
child and to highlight how it has taken over their healthy
child when it comes to issues of food, eating, body shape,
and weight. Parents are told that they must be firm with
the disorder in setting expectations for eating, while
remaining compassionate with their son or daughter
and remembering the fear that he or she experiences
when sitting down to a plate of food. It is helpful for all
members of the treatment team to model this approach
for parents and to remain patient with the sometimes
difficult behavior associated with the eating disorder.

B. Cognitive Behavioral Therapy

Cognitive-behavioral therapy (CBT) is the first-line
treatment for adults with BN and BED.33,70 The CBT
model of disordered eating states that cognitive and
behavioral disturbances interact to maintain the disor-
der, and both need to be addressed in order for someone
to fully recover.71

A common pattern of eating in BN is restricting one’s
diet due to overvaluation of the importance of body
shape and weight. This dietary restriction leads to hun-
ger, which can lead to binge eating and then purging. In
the first of three phases of treatment, the focus is on
helping patients establish a regular pattern of eating to
reduce dietary restriction, thus reducing binge eating
and breaking the binge/purge cycle. The second phase
of treatment has a cognitive focus, in which patients’
unhelpful and unrealistic thoughts about body shape
and weight are challenged. The final phase focuses on
maintaining treatment progress and addressing relapse
prevention. An “enhanced” version of CBT (CBT-E)
has been developed to improve treatment response by
addressing four additional maintaining mechanisms:
clinical perfectionism, mood intolerance, low self-
esteem, and interpersonal difficulties.72

It is important to note that FBT and CBT, the two
leading treatments for eating disorders, are quite
behavioral in nature and focus on maintaining factors
rather than on what may have caused the eating disor-
der in the first place. A common belief regarding eating
disorders is that in order to recover from an eating dis-
order, the underlying “issues” that may have caused it
need to be identified and worked through. However,
research does not seem to support this belief, instead
suggesting that a problem-focused approach, with an
emphasis on the present rather than the past, is most
effective.

C. Nutrition Therapy

The practice guideline for treatment of AN and BN
recommends a normalization of nutrition and eating
habits as a central goal in the treatment.38 In BN specif-
ically, establishing a regular eating pattern to break cy-
cles of restriction and bingeing is key for treatment.
The dietitian can play a significant role in this part of
therapy as well as help patients expand their food
choices, correct misguided notions about food, and
dispel nutrition misinformation.43

In FBT and CBT, the primary therapist is responsible
for working with the family to increase calories or
with the individual patient to regulate eating patterns.
Although RDs have not been included in many random-
ized controlled psychotherapy trials, many treatment
teams have an RD to provide nutrition counseling as
needed. This is determined on a case-by-case basis and
may be sought when weight gain goals, especially in
the case of AN, are not being met. In the case of FBT, it
is important to avoid being too prescriptive, as meal
plans are not used in this form of therapy. Rather, fam-
ilies are encouraged to decide for themselves what will
work best for their child, with increasing guidance
from the therapist and RD if parents seem to be strug-
gling with what to feed their child or lack the expected
basic knowledge about nutrition. Based on current
intake, the RD provides suggestions for increasing
caloric intake, being mindful of energy-dense choices
to reduce volume. The treatment guideline of
3000e5000 calories per day in FBT to provide rapid
weight restoration can be, at least initially, over-
whelming for some families, so RDs may recommend
that parents keep a daily food log to provide a more ac-
curate reflection of actual caloric intake. This tool can be
useful for the dietitian to assess and provide recommen-
dations on the frequency of eating, portions, caloric den-
sity, and potential triggering foods for GI complications.
Supplementing the diet with a liquid (oral) nutritional
supplement in the early stages of refeeding to achieve
the prescribed calorie goal is an effective strategy for
weight gain, especially when a large calorie goal has
been prescribed.32 Caloric goals may need to be adjusted
throughout treatment, and unusually high calorie diets
may be necessary to provide continued weight gain, as
many patients experience a plateau in the later stages

FBT and CBT are the leading evidence-based
forms of treatment for eating disorders.
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of weight restoration.32 It is suspected that an increase in
Resting Energy Expenditure is responsible for this and is
often clinically referred to as hypermetabolism. For this
reason, the optimal treatment strategy should be based
on regular monitoring of an individual’s pattern of
weight gain and adjusting the dietary plan.32

Similar to FBT models of treatment, weight restora-
tion remains the first priority in most treatment modal-
ities for AN. In non-FBT treatment, initial caloric needs
can be determined individually by calculating Basal
Energy Expenditure using the HarriseBenedict for-
mula multiplied by a 1.5e2.0 activity factor. There
may be a larger focus on macronutrient distribution,
and oftentimes a structured meal plan is utilized to
reach goals, using a food exchange list. This may be
particularly important when treating adults with AN,
for whom there is no first-line form of treatment. While
caloric targets may vary among programs and treat-
ment approaches, the need to monitor rate of weight
gain and adjust the dietary plan as needed remains of
vital importance. In any model of treatment, the dieti-
tian has the expertise to assess and monitor caloric,
macronutrient, and micronutrient intake for nutritional
adequacy and provide evidence-based nutrition advice
and strategies.

D. Pharmacotherapy

The use of medication or pharmacotherapy for
patients with eating disorders is primarily reserved
for refractory cases or in treating patients with co-
morbid psychiatric diagnoses. In patients with AN,
small studies in adults have examined the use of
second-generation (atypical) antipsychotics because
of the potential benefit on anxiety and obsessive
thinking with mixed results,73e75 although a metaa-
nalysis found that they were associated with an in-
crease in anxiety.76 Additionally, selective serotonin
reuptake inhibitors (SSRIs) are of limited utility in
malnourished patients at low weights,77 as it is
believed that the availability of serotonin is reduced
and therefore there is limited substrate upon which
the medication can act. In patients with AN who are
weight restored or near weight restored, these and
other psychiatric medications may be useful in treating
comorbid conditions including major depressive dis-
order, anxiety, and obsessiveecompulsive disorder.
However, for patients without coexisting psychiatric
illnesses, weight restoration and nutrition may
improve their mood and anxiety significantly, leaving
a limited role for medication.

In adult patients with BN, the use of SSRIs, particu-
larly fluoxetine, has been shown to be useful in reducing

the urge to binge and purge. Fluoxetine is the only FDA-
approved drug for BN. Doses needed are typically at or
above 60 mg and are higher than may be needed to treat
depression or anxiety.78 In adolescent patients, there are
limited data, but the use of fluoxetine or another SSRI
may have similar benefit79 and is reasonable in patients
who are not improving with traditional evidence-based
therapies for BN.

E. Prognosis

A popular belief about eating disorders is that those
who have them never fully recover; however, this is
not supported by research. Those who receive effective,
evidence-based interventions tend to do well. A study
comparing systemic family therapy and FBT found
that the percent of patients achieving remission (defined
as >95% of EBW) for FBT at the end of treatment and
1-year follow-up was 33.1% and 40.7%, respectively.80

A comparison of FBT and individual psychotherapy
found that rates of remission (defined as >95% EBW,
and scores on an eating disorder assessment measure
that were within one standard deviation of community
norms) were 42% at the end of treatment, 40% at
6-month follow-up, and 49% at 12-month follow-up.81

Partial remission, defined as reaching >85% EBW, was
reached by 89% of patients in FBT by the end of treat-
ment. Thus, most patients receiving FBT improve with
treatment, and some continue to improve even after
treatment is over. Furthermore, gains made in FBT are
maintained at 4- and 5-year follow-up.82,83

For CBT, remission rates (often defined as abstinence
from binge eating and purging over the past 28 days) are
generally 40%e50%.84 One study defining remission as
scores on an eating disorder assessment measure that
were within one standard deviation of community
norms found that 65.5% of patients receiving CBT-E
had reached remission at the end of treatment.85

A long-term study of 228 patients with eating disor-
ders found that after 22 years, 62.8% of patients with
AN and 68.2% of patients with BN had recovered,
with patients with BN recovering faster than patients
with AN.86 Although there is certainly room for improve-
ment in the treatment of eating disorders, these findings
suggest that there is hope for patients even after a pro-
tracted illness, and it is important for treatment providers
to convey that hope to patients and their families.

However, many patients with eating disorders do not
receive treatment. In a large nationally representative
study of adults with eating disorders, 16% of patients
with BN and 29% of patients with BED received treat-
ment for emotional problems in the previous
12 months.4 In a large study of adolescents, only

Section C. Clinical Nutrition

V. Treatment 357



27.5%, 21.5%, and 11.4% had sought treatment for AN,
BN, and BED, respectively.87 Furthermore, when pa-
tients do receive treatment, they often do not receive
evidence-based forms of treatment. Only 6%e36% of
eating disorder clinicians report following a treatment
manual,88,89 despite evidence of the effectiveness and
efficacy of evidence-based treatments.90

Although FBT and CBT have been shown to be effec-
tive, they do not work for all patients. There is a need for
more effective forms of therapy for treatment nonre-
sponders, as well as for adults with AN, for whom there
is no first-line form of treatment. There is also a need to
close the research-practice gap, so that those who receive
treatment are receiving treatment that has been shown
to work, and to close the treatment gap, removing bar-
riers to receiving care.91

VI. CONCLUSION

Eating disorders are complicated, life-threatening ill-
nesses that require prompt assessment, diagnosis, and
treatment. Dietitians can play an important role in iden-
tifying and assisting in the treatment of eating disorders.
Additionally, ensuring that patients receive comprehen-
sive, multidisciplinary care is imperative in managing
the medical and psychiatric facets of disease. Full recov-
ery is achievable, and patients should be referred to
evidence-based treatments whenever possible.

RESEARCH GAPS

• Identify effective forms of treatment for adults with AN
• Develop/enhance treatments for patients who are nonresponders to evidence-based forms of treatments
• Increase access to evidence-based treatments
• Reduce barriers to seeking treatment
• Optimize the role of caregivers/loved ones in the treatment of eating disorders
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SUMMARY

Diabetes can be classified into four categories, type 1 diabetes (T1D), type 2 diabetes (T2D), gestational
diabetes (GDM), and diabetes due to other causes. Insulin resistance is a physiological phenomenon that
raises insulin levels and is primarily associated with T2D and GDM. T1D results from severe insulin
deficiency and requires exogenous insulin therapy to manage the condition. In contrast, T2D and GDM
are metabolic disorders characterized by hyperglycemia resulting from a combination of insulin resis-
tance and impaired insulin secretion. Prevention and management include lifestyle interventions with
and without medications that achieve normal glucose levels and reduce the risk of complications. The
molecular basis of insulin resistance, its role in health and disease, and the optimal diet composition for
improving insulin sensitivity present continuing challenges to research scientists around the world.

Keywords: Diabetes; Diet; Insulin resistance; Obesity; Pregnancy.

I. BACKGROUND

Four classes of diabetes are currently recognized by
the American Diabetes Association (ADA).1 Type 1 dia-
betes (T1D), formerly known as insulin-dependent or
juvenile diabetes, type 2 diabetes (T2D), formerly known
as noneinsulin-dependent or adult-onset diabetes,
gestational diabetes (GDM), which is defined as hypergly-
cemia first identified during pregnancy, and diabetes
resulting from genetic defects (monogenic diabetes),
diabetes secondary to other diseases, or drug- or chem-
ically induced diabetes (See Table 20.1).

Diabetes affects 1 in 11 adults (463 million people
worldwide), with T2D accounting for 90% of all cases.2

However, approximately 1 in 2 adults with diabetes
are undiagnosed (w232 million people). With the cur-
rent trends, it is estimated that by 2030, there will be
578 million people living with diabetes in the world.2

The prevalence of insulin resistance, and associated
health conditions, however, varies markedly around
the world. It has strong lifestyle determinants, which

are in turn influenced by socioeconomic status, culture,
and education. It is increasingly common in younger age
groups and in developing nations.

II. NORMAL FUNCTION AND
PHYSIOLOGY

A. Glucose Utilization and Transport

Glucose oxidation is the primary mechanism used by
cells to generate energy for metabolism. Many tissues
also oxidize fatty acids, but the human brain, fetus, red
cell, and the kidney medulla rely on glucose alone except
in special circumstances, e.g., fasting for >24 h or a
glucose-free diet. Glucose availability is driven primarily
by carbohydrates in the diet, but gluconeogenesis is a
secondary source, utilizing amino acids (derived from
endogenous or exogenous protein), glycerol (derived
from dietary fat), or lactic acid (derived from glycolysis)
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as precursors. Depending on the type of tissue, glucose
uptake into cells takes place via mass action, facilitated
diffusion, or an active process involving specialized
glucose transporters. In the context of diabetes and insu-
lin resistance, GLUT4 transporters found on the surface
of muscle and adipose tissue cells are the most sensitive
to the concentration of blood insulin.4 After a meal, circu-
lating blood insulin levels rise and bind to insulin recep-
tors on the cell surface, precipitating a series of reactions
that result in glucose uptake into the cell and oxidation
within mitochondria. If sufficient glucose is available,
glucose is also converted into glycogen within muscle
and liver cells. This limited storage form of glucose will
be utilized when glucose availability falls, e.g., during
prolonged strenuous exercise (muscle glycogen) or after
12 h of fasting (liver glycogen).

B. Actions of Insulin

Insulin is synthesized in the b-cells of the Islets of
Langerhans inside the pancreas and stored until the
cell is stimulated to release the insulin into circulation.
Insulin, the most potent anabolic hormone in the body,
exerts its main effects on carbohydrate, lipid, and pro-
tein metabolism and also contributes to the regulation
of ion and amino acid transport, cell cycle and prol-
iferation, cell differentiation, and nitric oxide (NO) syn-
thesis.5 Physiologically, insulin is released from the
pancreatic b-cells after eating in order to reestablish
euglycaemia and acts predominantly on the insulin-
sensitive metabolic tissues, i.e., skeletal muscle, liver,
and adipose tissue. Insulin promotes glucose uptake
in skeletal muscle by stimulating translocation of
glucose transporter 4 (GLUT4) from the cytosol to the
plasma membrane where it facilitates glucose transport

into the cell. Concomitantly, insulin stimulates intra-
cellular utilization of glucose in other tissues. In the
fed state, insulin stimulates liver glycogen synthesis
and suppresses glycogenolysis and gluconeogenesis,
reducing glucose production by the liver. In adipose
tissue, insulin suppression of lipolysis can also reduce
liver glucose output by limiting glycerol availability
for gluconeogenesisda novel example of an indirect
mechanism of insulin contributing to coordination of
whole-body metabolic flux.

The b-cell is exquisitely designed to detect and
respond to the ingestion of carbohydrate predomi-
nantly and also protein, fat, gut hormones (glucagon-
like peptide 1 and gastric inhibitory polypeptide),
neural stimulation, and pharmacological agents to
stimulate and/or amplify insulin secretion6 (See
Fig. 20.1).

C. Mechanisms of Insulin Action and Glucose
Transport at the Cellular Level

In healthy individuals, blood glucose concentration is
maintained within a narrow range. After an overnight
fast or between meals, blood glucose normally falls
within the range of 3.5e5.5 mM. Immediately after a
meal containing carbohydrate, blood glucose concentra-
tion rises to a peak of 6e10 mM followed by a sharp
decline back to baseline within 60 min. This fine control
is achieved by the balance between glucose absorption
from the gut, suppression of glucose production by the
liver, and glucose extraction from the blood into the cells
and tissues.7 Insulin also regulates the final balance be-
tween the synthesis of glycogen, protein, and fat versus
their catabolism and oxidation.

TABLE 20.1 Definitions of prediabetes and diabetes.3

Tests

Impaired glucose

tolerance (IGT)a
Impaired fasting

glucose (IFG)a

Prediabetes

(intermediate

hyperglycemia)b Diabetesb

Fasting plasma glucose <126 mg/dL
(<7.0 mmol/L)

110e125 mg/dL (6.1
e6.9 mmol/L)

110e125 mg/dLb (6.1
e6.9 mmol/L)

�126 mg/dL
(�7.0 mmol/L)

2-Hour plasma glucose
following 75 g
glucose load (oral
glucose tolerance
test; OGTT)

140e199 mg/dL (7.8
e11.0 mmol/L)

<140 mg/dL
(<7.8 mmol/L)

140e199 mg/dL (7.8
e11.0 mmol/L)

�200 mg/dL
(�11.1 mmol/L)

Random plasma
glucose in symptomatic
patient

�200 mg/dL
(�11.1 mmol/L)

Hemoglobin A1c
(HbA1c)

�6.5% (�48 mmol/
mol)

aDiagnosis based on presence of both criteria listed.
bDiagnosis based on presence of one of the four. Note: The American Diabetes Association uses a different definition of prediabetes.

Adapted from International Diabetes Federation.
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Glucose uptake into the cell is the rate-limiting step
in glucose utilization and/or storage, playing a key
role in glucose homeostasis. In all tissues except the
brain, glucose promotes its own utilization in a
concentration-dependent manner (i.e., by mass action).
However, in insulin-sensitive tissues, specific glucose
transporters shuttle glucose from outside to the inner
surface of the cell membrane. Glucose transporters
vary in structure from tissue to tissue, with at least 14
different types.8 GLUT4 is the insulin-dependent car-
rier that is specific to muscle and adipose tissue.
Residing in an intracellular compartment in resting
cells, it translocates to the cell surface when insulin
receptors on the cell membrane detect a rise in insulin.
This master hormone regulates energy metabolism by
initiating signaling cascades that control cell growth
and survival, as well as glucose, amino acid, and fat
uptake. In muscle and adipose tissue, glucose transport
is highly dependent on the phosphoinositide 3-kinase
(PI3K) signaling cascade that initiates exocytosis of
GLUT4 from intracellular storage sites.9 Failure of
GLUT4 to translocate to the plasma membrane in
response to insulin is an early step in the development
of insulin resistance and T2D.10

D. Insulin Sensitivity

Insulin resistance (poor insulin sensitivity) is defined
as a condition in which cells fail to respond as expected
to normal levels of insulin. It may be a normal physiolog-
ical response to changes in metabolic circumstances such
as in late pregnancy10 or pathological in nature (e.g.,
obesity). Energy restriction or carbohydrate restriction
causes a decline in insulin sensitivity. Indeed, insulin
resistance in one set of tissues may facilitate the redirec-
tion of fuels around the body to the tissues in greatest
need. During lactation, the mammary glands become
extremely insulin sensitive, while muscles remain insu-
lin resistant, thus driving uptake of glucose for the
synthesis of lactose.11 Insulin resistance also appears at
birth in infants born small or large for gestational age.12

Insulin resistance is associated with excess visceral fat
in the abdomen but not excess subcutaneous fat.13

Surgical removal of visceral fat swiftly restores insulin
sensitivity.14 Because skeletal muscle is the largest insu-
lin sensitive tissue, higher proportions of lean mass are
associated with greater insulin sensitivity.

Within a normal healthy population, the amount of
physical activity is the main determinant of variation

FIGURE 20.1 b-Cell and insulin function. In healthy subjects, food stimulates the release of gastrointestinal peptides, including GLP-1 (glucagon-
like peptide 1) and GIP (gastric inhibitory peptide) in addition to the pancreatic b-cell hormone insulin. GLP-1 is released from L cells located in the
small bowel and colon. Following the absorption of food, GLP-1 promotes insulin secretion. In diabetes, these steps are disrupted. GLP-1 acts to lower
plasma glucose levels by several mechanisms, including inhibiting gastric emptying, and appetite. Adapted from incretin.com.tw.
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in insulin sensitivity.15 Both resistance exercise and
aerobic exercise increase insulin sensitivity. Insulin
sensitivity also varies from one ethnic group to another.
Young European Caucasians are more insulin sensitive
than those of Asian, South Asian, or SE Asian origins.16

Pima Indians, distinguished by having the highest
recorded rate of T2D in the world, are among the most
insulin resistant.17

III. ABNORMAL PHYSIOLOGY AND
FUNCTION

A. Characteristics of Diabetes

The most common form of diabetes, type 2, is
characterized by an inadequate b-cell response to the
progressive resistance to insulin that accompanies
aging, inactivity, and weight gain. Genetic studies sug-
gest that mutations in at least 40 genes related to b-cell
physiology and function are the primary determi-
nants.18 Weight gain and severe insulin resistance are
usually present, yet only a fraction of overweight and
obese individuals go on to develop T2D.

Much less common is T1D, an autoimmune disorder
in which the b-cells are essentially destroyed, leading to
unrestrained lipolysis and free fatty acid oxidation,
precipitating the life-threatening state of ketoacidosis.
Like T2D, T1D also has a strong genetic component
although an environmental trigger is also present.19

Exogenous insulin therapy is required for life, although
there is often a “honeymoon” period after diagnosis dur-
ing which partial b-cell function is regained.20 Insulin
resistance does not play a role in the development of
T1D but may develop slowly over time, resulting in
the need for higher insulin doses.21

The third form of diabetes, GDM, occurs when the dis-
ease is diagnosed for the first time during pregnancy.1 In
developed nations, most pregnant women undergo a
glucose tolerance test at the beginning of the third
trimester (26e28 weeks gestation). Like T2D, prevalence
is increasing, in some countries affecting 15%e25% of all
pregnancies.22

Other forms of diabetes have also been described,
including MODYdmaturity onset diabetes of the
youngdbut are relatively uncommon. MODY is a domi-
nantly inherited condition similar to T2D but is typically
diagnosed before 25 years of age.18 Mutations in
different genes are responsible, producing differences
in clinical presentation. GCK, the gene encoding the
pancreatic glucose sensor, glucokinase, is often respon-
sible, but mutations in HNF1A are also recognized.18

B. Insulin Resistance

In 1936, Harold Himsworth introduced the concept
of “insulin sensitivity,” separating diabetes into two
main types, an insulin-sensitive and an insulin-resistant
phenotype.23 He developed the first method for
measuring insulin resistance and began studies to
show that diet might influence glucose tolerance by
altering insulin sensitivity. Today, being insulin sensitive
is considered fundamental to good health and preven-
tion of chronic diseases, such as T2D and cardiovascular
disease (CVD). Insulin resistance, the opposite of insulin
sensitivity, is a physiological phenomenon that describes
impairments of insulin action, usually in respect to
glucose metabolism rather than fatty acids or amino
acids.9 Compared with insulin sensitive individuals,
those with insulin resistance require higher concentra-
tions of insulin to facilitate the disposal of glucose in
tissues. Insulin-resistant humans and animals therefore
develop compensatory hyperinsulinemia in order to
ensure normal utilization of glucose by the insulin target
tissues. As a consequence, hyperinsulinaemia and
insulin resistance go hand in hand.7

Insulin resistance can be a normal, physiological state
or pathologically severe. Insulin resistance increases
naturally at puberty24 and during pregnancy,25 but it is
more extreme in people who are overweight or obese,
have T2D and prediabetes, and often in those with
CVD.26 Recent research links insulin resistance to
many conditions, including fatty liver disease, polycy-
stic ovarian syndrome, sleep apnea, and cancer.6

Insulin resistance is themost accepted unifying theory
explaining the origins of the “metabolic syndrome.”27

The metabolic syndrome is a widely recognized yet
controversial concept that refers to a clustering of meta-
bolic risk factors, such as high waist circumference, low
HDL cholesterol, high serum triacylglycerol, hyperten-
sion, and impaired glucose tolerance (IGT) in the one
individual.28 There is lack of consensus on its practical
utility, as either a diagnostic or management tool, and
even its definition and diagnostic criteria vary around
the world (Table 20.2).

While there is general agreement on four of the cen-
tral components, there is disagreement on waist circum-
ference and how this should be adjusted for use in
different ethnic groups. A World Health Organization
Expert Consultation concluded that it was a premorbid
condition rather than a clinical diagnosis.29

Molecular mechanisms of insulin resistance

Although great strides are being made in understand-
ing, the molecular mechanisms of insulin resistance still
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remain unclear. On a cellular level, insulin stimulates
carbohydrate, protein, and lipid synthesis, cell growth,
and differentiation, while also inhibiting lipolysis,
protein degradation, and apoptosis. However, selective
insulin resistance is possible and may explain why in
the liver, insulin resistance to glucose metabolism coex-
ists and is often seen alongside liver fat accumulation
and development of nonalcoholic fatty liver disease.30

Differential responses to insulin signaling from the insu-
lin receptor downstream to the final substrates of insulin
action involved in metabolic and mitogenic aspects of
cellular function may contribute to tissue-specific situa-
tions of selective insulin resistance.

Initial attempts to unravel the molecular mechanisms
of insulin resistance suggest that the defect in most peo-
ple lies downstream of the insulin receptor. The number
and function of insulin receptors are usually normal in
patients with T2D, but magnetic resonance spectroscopy
studies indicate that there is a defect in insulin-
stimulated glucose transport into skeletal muscle.31

Studies consistently show reduced signaling in the insu-
lin receptor substrate 1 (IRS-1)/PI3K pathway, resulting
in diminished glucose uptake and utilization in target
tissues.9 However, the nature of the culprit that initiates
and sustains impaired insulin signaling along this
pathway is still unclear.

Recent research in this field has produced candidate
genes, proteins, and metabolites that have altered
expression or activity in insulin-resistant states.6 Beyond
associations between these mediators and insulin action,
the causal factors contributing to insulin resistance
require demonstration that they are both necessary
and sufficient to generate insulin resistance.

Inducing insulin resistance

Insulin resistance can be experimentally induced in
several ways in animals and cells. Hyperinsulinemia
per se is enough to downregulate expression of the insu-
lin receptor at the cell surface. Models of overnutrition
and lipotoxicity are often associated with blunted insu-
lin action. Increased lipid accumulation in muscle and
liver has long been associated with insulin resistance.
Lipidomic studies are helping to identify individual
intracellular lipid species that respond to diet and
mediate insulin action. Increased diacylglycerol and
ceramide lipid intermediates are associated with activa-
tion of protein kinase C (PKC) and antagonism of insulin
signaling.18

Increased activity of serine kinases, such as PKC, could
diminish insulin signal transduction by phosphorylating
serine residues on IRS-1. Other triggering mechanisms
such as mitochondrial dysfunction, hyperinsulinemia,
or hyperglycemia have been proposed. Excessive serine
phosphorylation of IRS proteins interferes with normal
conductance of the insulin signal and may represent the
negative feedback machinery regulating insulin signal
transduction.18 Insulin resistance is also induced by
endoplasmic reticulum stress, mitochondrial defects,
and oxidative stress, leading some to propose that insulin
resistance of the cell is a protective mechanism to limit
nutrient flux into the cell.18 Activation of the transcription
factor NF-kB in response to oxidative stress or proinflam-
matory molecules (including hyperglycemia within the
normal range) also produces insulin resistance via a
mechanism that involves impairments in the PI3K
pathway.32

While a number of mechanisms at the molecular level
have been proposed and tested in cell culture, interac-
tions between tissues in the whole body in response to
nutrient excess, hyperglycemia, hyperinsulinemia,
body composition, body fat distribution, and inflamma-
tion must also be considered. Although adipose tissue is
responsible for less than 10% of insulin-stimulated
glucose disposal, adipokines, cytokines, and other mol-
ecules derived from adipocytes can also affect insulin
sensitivity in peripheral tissues.33

The second molecular mechanism that could lead to
insulin resistance is a disruption in the balance between
the amounts of the two PI3K subunits.9 The regulatory
subunit, p85, is tightly associated with a catalytic sub-
unit, p110. Insulin-resistant states could be associated
with decreases in the expression of the p85 monomer,
causing decreased PI3K activity. Pregnancy appears to
be associated with increased expression of skeletal
muscle p85 in response to increasing concentrations of
human placental growth hormone.

TABLE 20.2 International Diabetes Federation criteria for diag-
nosis of the metabolic syndrome.

Measure Categorical cut pointsa

Elevated waist circumference Population and country-specific
definitions (e.g., Europid �94 cm
in males, and �80 cm in females;
China�85 cm in males,�80 cm in
females)

Elevated triacylglycerol >150 mg/dL or 1.7 mmol/L

Reduced HDL cholesterol <40 mg/dL or 1.0 mmol/L in
males, <50 mg/dL
or <1.3 mmol/L in females

Elevated blood pressure Systolic �130 and/or
diastolic �85 mm Hg

Elevated fasting glucose �100 mg/dL or 5.5 mmol/L

aDrug treatment for any specific parameter is an alternative indicator.

Data from Alberti et al.28
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Determining insulin resistance

Insulin plays a central role in the regulation of blood
glucose concentration by suppressing glucose production
and stimulating glucose uptake. Most methods used to
measure any impairment in insulin action (i.e., insulin
resistance) therefore assess the quantitative relationship
between a given plasma insulin concentration and some
measurable insulin-dependent process, usually at the
whole-body level. A simple and commonmarker of insu-
lin resistance is called HOMA-IR (homeostasis modeling
assessment for insulin resistance) or HOMA-IS (HOMA
insulin sensitivity), simply calculated as the product of
the fasting glucose in mM and the fasting insulin in
U/mL divided by 22.5.34 In young, lean healthy individ-
uals, this value approximates 1, but the range within the
normal adult population is around 1e4 units. The top
quartile is regarded as being relatively insulin resistant.
Obese people and individuals with T2D show values in
the range 4e8 units. However, HOMA reflects mostly
hepatic insulin resistance and not the ability to deal
with an oral carbohydrate challenge. Others have
endeavored to improve on HOMA by using the quantita-
tive insulin sensitivity check index (QUICKI) and the
fasting glucose-to-insulin ratio. Techniques such as the
frequently sampled intravenous glucose tolerance test
or minimal modeling endeavor to measure how quickly
blood glucose levels return to normal after injection of a
given amount of insulin.35 The “gold standard” method
for measuring insulin resistance is the euglycemic-
hyperinsulinemic clamp,36 in which a constant intrave-
nous infusion of insulin is balanced by a simultaneous
infusion of glucose in a clinical research setting. Because
of the invasive, time-consuming nature of the clamp
procedure, it is difficult to use in routine clinical practice
or in large epidemiological studies.

C. Type 1 Diabetes

T1D is characterized by severe insulin deficiency
requiring exogenous insulin to prevent ketoacidosis,
coma, and death. Although T1D may occur at any age,
onset usually occurs during childhood, adolescence, or
early adulthood, with peak age of diagnosis at age 10e
14 years. The SEARCH for Diabetes in Youth Study is
a population-based, multicenter observational study of
youth with clinically diagnosed diabetes in the United
States.37 Based on data from 2002 to 2003, approximately
15,000 youth are newly diagnosed with T1D annually.37

The incidence of T1D is higher in Caucasians than in
other ethnic/racial groups, with the greatest discrep-
ancy at younger ages.37

Prevention

Currently, there are no established approaches for
primary prevention of T1D; studies are ongoing to better

understand environmental triggers as well as the poten-
tial role of immunosuppressive therapy and various
other approaches.

Etiology and diagnosis

T1D is characterized by Tcellemediated autoimmune
destruction of the b-cells in the islets of Langerhans
within the pancreas. Markers of this destruction include
islet cell autoantibodies, autoantibodies to insulin, auto-
antibodies to GAD (GAD65, the enzyme that converts
glutamate to gamma-aminobutyrate or GABA), and
autoantibodies to the tyrosine phosphatases IA-2 and
IA-2b.38 Furthermore, T1D appears to be associated
with particular histocompatibility leukocyte antigen al-
leles.39 Often these antibodies can be found in the serum
prior to the onset of clinical disease, and so it is impor-
tant when considering the etiology of T1D to distinguish
between the onset of autoimmunity, which can occur
years before the onset of hyperglycemia, and the onset
of the clinical disease.39,40 Testing for the presence of
these antibodies can be used in a clinical setting to
confirm a T1D diagnosis.

D. Type 2 Diabetes

T2D is a metabolic disorder characterized by hyper-
glycemia resulting from insulin resistance and impaired
insulin secretion from the pancreatic b-cells. Prediabetes
(also known as “intermediate hyperglycemia”) occurs
when glucose levels become elevated but not to the diag-
nostic criteria for T2Ddimpaired fasting glucose (IFG),
IGT, and/or elevated glycated hemoglobin A1c
(HbA1c) (see Table 20.1). Individuals with prediabetes
are at a higher risk of T2D. The prevention and manage-
ment of T2D focuses on lifestyle modification (i.e., diet
and physical activity) to reduce insulin resistance.

Cardiovascular disease and type 2 diabetes

Under normal circumstances, insulin exerts antia-
therogenic and antiinflammatory actions in the endo-
thelial cells and vascular smooth muscle cells lining
the blood vessels.41 Insulin inhibits the expression of
adhesion molecules, monocyte chemoattractant protein
1, and the inflammatory transcription factor, NF-kB.
However, in the presence of insulin resistance (i.e.,
with impaired PI3K signaling), hyperinsulinemia ap-
pears to exert adverse effects on the arterial wall.40

Compensatory hyperinsulinemia becomes proathero-
genic by stimulating both the MAP-kinase signaling
pathway and excessive prenylation of Ras and Rho pro-
teins (Fig. 20.2). Hence, management of insulin-resistant
individuals must include effective measures to improve
insulin sensitivity as well as decrease ambient insuline-
mia. The metabolic stages in the transition from normal
glucose tolerance to b-cell failure and T2D are described
in Box 20.1.
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IV. PRIMARY TREATMENTS FOR
DIABETES

A. Type 1 Diabetes

Dietary management

For individuals with T1D, intensive insulin therapy
using multiple daily injections (MDI) or continuous sub-
cutaneous infusion requires instruction on how to adjust
insulin doses based on planned carbohydrate intake.
Medical nutrition therapy is therefore focused on gen-
eral healthy eating principles and individualized carbo-
hydrate counting to improve glycemic control.42

Adjustments to the dose may be needed to account for
differences in glycemic index (GI), fat, and protein in
the meal.43,44 There is little high-quality evidence that
a specific eating pattern (e.g., vegetarian, low-fat, low-
carbohydrate, Mediterranean) is superior.42

Achieving glycemic control

Glycemic control and restoration of normal meta-
bolism is the major treatment goal for all classes of dia-
betes. This task is accomplished using several modalities
including a variety of pharmacological agents, close per-
sonal and laboratory monitoring (e.g., self-blood glucose
testing, HbA1c, and renal function testing), and careful

FIGURE 20.2 Two major pathways are stimulated when insulin binds to insulin receptors on cell membranes of insulin-sensitive tissues:
phosphatidyl inositol-3 kinase and MAP-kinase. Insulin resistance appears to originate downstream of the insulin receptor in the PI3K pathway
involved in the metabolism of carbohydrates, fats, and proteins but not in the MAP kinase pathway. Compensatory hyperinsulinemia resulting
from insulin resistance in the PI3K pathway can mean overstimulation of the MAP kinase pathway, with implications for cell growth, multi-
plication, and differentiation. Modified from Draznin.9

B O X 2 0 . 1

How worsening insulin resistance contributes to the development of type 2 diabetes in individuals with
insufficient b-cell reserve

Stage 1: Normal glucose tolerance, mild insulin resistance, compensatory hyperinsulinemia
Stage 2: Glucose tolerance begins to deteriorate; postprandial hyperglycemia becomes common
Stage 3: Impaired glucose tolerance (IGT) worsens, in fasting and postprandial hyperinsulinemia
Stage 4: b-Cells begin to fail, fasting and postprandial insulinemia declines, marked fasting and
postprandial hyperglycemia
Stage 5: b-Cell mass declines, insulin replacement may be necessary
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assessment by a variety of health professionals. All these
elements, integrated and coordinated, are essential in
the management of diabetes (Box 20.2).

The Diabetes Control and Complications Trial (DCCT)
was conducted in individuals with T1D to compare the
effects of intensive versus standard glycemic control.45

Intensive treatment reduced the mean HbA1c from
9% to 7.2%, and greater attention to dietary strategies
accounted for almost one-fourth of the glycemic improve-
ment.46 The risk of development and progression of reti-
nopathy, albuminuria, and neuropathy was reduced by
between 50% and 75% over 8 years. Reduction in the
risk of complications was linearly related to the reduction
in HbA1c, indicating that risk reduction can be achieved
by improving glycemic control, even if a perfect or
normal metabolic state is not achieved.46 These accom-
plishments, as well as efforts to attenuate the two- to
three fold increase in severe hypoglycemia and weight
gain, were largely due to educational and nutritional
strategies.45,47

Most recently, long-term follow-up of theDCCTcohort
in the Epidemiology of Diabetes Interventions and Com-
plications study has documented a continued differential
in the risk of microvascular48 and macrovascular49 com-
plications, even though HbA1c levels in the two groups
have been similar for approximately 8 years.

Medical nutrition therapy

For all classes of diabetes, the first goal of medical
nutrition therapy (MNT) is to assist in the achievement
andmaintenance of metabolic normality, including blood
glucose, lipid, and lipoprotein levels (Box 20.3). For T1D,
this means coordinating an individual’s insulin regimen
with his/her food choices and physical activity,42 as
well as moment-to-moment measures of blood glucose
levels throughout the day with selfeblood glucose moni-
toring. Multiple insulins are available (Table 20.3) and are
often used in various combinations.

A typical approach in terms of insulin use is a “basal-
bolus” regimen, either via subcutaneous insulin infusion

B O X 2 0 . 2

Summary of current American Diabetes Association (ADA) consensus nutrition recommendations
regarding type 1 diabetes

• Macronutrient distribution should be based on individualized assessment of current eating patterns,
preferences, and metabolic goals.

• Increasing fiber intake, preferably through food (vegetables, pulses [beans, peas, and lentils], fruits, and
whole intact grains) or through dietary supplements, may help in modestly lowering HbA1c.

• Reducing overall carbohydrate intake for improving glycemia is recommended.
• People with diabetes and prediabetes should be screened and evaluated during DSMES and MNT

encounters for disordered eating, and nutrition therapy should accommodate these disorders.
• Adults with diabetes or prediabetes who drink alcohol do so in moderation (one drink or less per day for

adult women and two drinks or less per day for adult men) and be counseling about the signs,
symptoms, and self-management of delayed hypoglycemia after drinking alcohol, especially when using
insulin or insulin secretagogues.

• For individuals with type 1 diabetes, it is recommended to use carbohydrate counting approach in
intensive insulin therapy to improve glycemia.

• For adults using fixed daily insulin doses, consistent carbohydrate intake with respect to time and
amount, while considering the insulin action time, can result in improved glycemia and reduce the risk
for hypoglycemia.

• When consuming a mixed meal that contains carbohydrate and is high in fat and/or protein, insulin
dosing should not be based solely on carbohydrate counting. A cautious approach to increasing
mealtime insulin doses is suggested; continuous glucose monitoring (CGM) or self-monitoring of blood
glucose (SMBG) should guide decision-making for administration of additional insulin.

• Correcting hyperglycemia is one strategy for the management of gastroparesis, as acute hyperglycemia
delays gastric emptying.

• Use of CGM and/or insulin pump therapy may aid the dosing and timing of insulin administration in
people with type 1 or type 2 diabetes with gastroparesis.

Adapted from American Diabetes Association.42
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(or pump therapy) or MDI in which insulin is delivered
as a bolus before meals in amounts matched to total car-
bohydrate intake, with basal insulin on board consis-
tently over time. There are other approaches to MDI,
which utilize different types of insulin. Patients can
either vary their insulin dose to match the amount of

food consumed, with additional considerations for
physical activity, or meals and physical activity can be
held constant in order to match a constant dosing of in-
sulin from day to day. Reduction of insulin dosage is the
preferred method of preventing hypoglycemia during
and/or after exercise, but this requires planning

B O X 2 0 . 3

Summary of medical nutrition therapy (MNT) implementation strategies for Type 1 Diabetes (T1D)

• When counseling people with diabetes, a key strategy to achieve glycemic targets should include an
assessment of current dietary intake followed by individualized guidance to optimize meal timing and
food choices and to guide medication and physical activity recommendations.

• All RDNs providing MNT in diabetes care should assess and monitor medication changes in relation to
the nutrition care plan. Insulin therapy should be planned to match insulin action to lifestyle.

• Blood glucose levels should be monitored while keeping lifestyle consistent.
• Create algorithms for adjusting insulin for lifestyle flexibility and to correct blood glucose levels that are

not in the target range.

Adapted from 2019 American Diabetes Association recommendations.42

TABLE 20.3 Insulin preparations: onset, peak, and duration of action.

Insulin Brand name Onset of action Peak action Duration of action

Rapid acting

Insulin aspart analog Fiasp 4 min �1 h 3e5 h

Insulin aspart analog NovoLog 10e20 min 0.5e2.5 h 3e5 h

Insulin lispro analog Humalog

Insulin glulisine Apidra 20 min 1e2 h 3e6 h

Regular insulin Humulin R 30e60 min 2e4 h 6e10 h

Novolin R

Intermediate acting

NPH insulin Humulin N 2e4 h 4e8 h 14e24 h

Novolin N

ReliOn

Lente insulin Humulin L 2e4 h 4e15 h 16e24 h

Long acting

Ultralente insulin Humulin U 3e4 h 8e14 h 18e24 h

Insulin glargine Lantus 1e2 h No peak Up to 24 h

Basaglar 1e2 h No peak Up to 24 h

Toujeo 6 h No peak 24e36 h

Detemir Levemir 1e2 h Minimal Up to 24 h

Degludec Tresiba 1e4 h No significant
peak

Approx. 42 h

Data from Wylie-Rosett et al. (2006), Bennett JA; RPh, FACA, CDE.
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physical activity ahead of time. For unplanned exercise,
increased carbohydrate intake may be needed.42 Selfe
blood glucose monitoring, education, and experience
allow the individual to learn how to keep all of this in
balance.

B. Type 2 Diabetes

How to maximize insulin sensitivity to decrease risk of
type 2 diabetes

The most important environmental and modifiable
factors that worsen an individual’s resistance to insulin
are excessive body weight, physical inactivity, smoking,
and poor sleep. Increased muscle mass and lower
abdominal fat mass each markedly improve insulin
sensitivity.14,50 Hence, a combination of weight loss
and physical activity, particularly resistance exercise, is
the ideal lifestyle intervention to reduce the risk of
T2D and CVD.

However, diet composition has been shown to have a
separate additional effect. Observational studies and
intervention trials have shown the macronutrient distri-
bution (i.e., the ratio of fat, carbohydrate, protein energy)
and the quality of individual macronutrients directly
influence insulin sensitivity. In particular, the amount
and quality of fat and carbohydrate are factors involved
in the development of insulin resistance and T2D.

Diet composition and type 2 diabetes

Dietary fat and insulin sensitivity; The effects of dietary fat
and carbohydrate on insulin sensitivity have been
debated for decades. Some of the controversy stems
from divergent findings in animals versus humans and
in differing study designs. Insulin resistance can be
induced in animal models by diets high in fat, sucrose,
or fructose. However, a single bout of exercise or high
starch meal can completely reverse the defect within
24 h. In humans, some studies suggest that a high intake
of fat is associated with impaired insulin sensitivity but
is modified by the type of fat and by the type of subject.
Using clamp studies in humans, Vessby36 was the first to
show that insulin resistance was related to high propor-
tions of saturated fatty acids and low proportions of un-
saturated fatty acids in the serum cholesterol esters of
healthy men who later developed T2D.

Later, fatty acid composition of the phospholipids in
the skeletal muscle cell membrane was found to be
directly related to insulin sensitivity in healthy males.51

Specifically, the proportions of long-chain fatty acids
with 20e22 carbon atoms correlated strongly with insu-
lin sensitivity. However, the fatty acid pattern of skeletal
muscle is influenced not just by diet but also by the
amount of physical activity and by muscle fiber
composition.51

The most convincing evidence of the effect of the role
of fat type on insulin sensitivity comes from a metaanal-
ysis of over 100 randomized controlled trials (totaling
4,220 adults) of isocaloric replacement of SFA, MUFA,
and PUFAwith carbohydrate, adjusted for protein, trans
fat, and dietary fiber.52 In the final analysis, replacing 5%
energy from carbohydrate with SFA had no significant
effect on fasting glucose but lowered fasting insulin
by a trivial amount. Replacing carbohydrate with
MUFA lowered HbA1c, 2 h postchallenge insulin, and
HOMA-IR by a modest amount. However, replacing
SFA with PUFA improved fasting glucose, HbA1c, C-
peptide, and HOMA. Based on the gold standard
method of acute insulin response, PUFA significantly
improves insulin secretory capacity. Feeding studies
showing that polyunsaturated fats produced the highest
insulin sensitivity, followed by monounsaturated, and
then saturated fat.52

Dietary carbohydrates and insulin sensitivity; Controversies
surrounding the optimal intake of carbohydrate have
increased in recent years. In healthy, young persons,
isocaloric substitution of carbohydrates (to 57%E) in
place of saturated fat improved insulin sensitivity
within 4 weeks.53 Similarly, well-designed studies have
shown that optimal insulin sensitivity occurs at 41%
carbohydrate energy (E%) in young men and 85%E in
elderly men54

Like fat, the quality of carbohydrate, i.e., the content
of whole grains, dietary fiber, proportion of simple
sugars, and dietary GI of a high-carbohydrate diet,
may be critical, each with independent effects on insulin
sensitivity. Indeed, carbohydrates consumed without
fiber may produce detrimental effects. In individuals
with diabetes, higher carbohydrate intake has the poten-
tial to raise postprandial glucose and increase insulin
demand, an effect that might worsen insulin resistance.
Under metabolic ward conditions for 21 days, hepatic
and peripheral insulin sensitivity as judged by the
glucose clamp remained unchanged in 10 type 2 patients
on either a high-carbohydrate (60%E) or low-
carbohydrate (35%E) diet, matched for fiber.55 However,
the patients in this study were treated with insulin, a
factor that may fundamentally affect the ability to
metabolize a high carbohydrate meal.

In a cross-sectional analysis of w3,000 individuals in
the Framingham Offspring Study, whole grains, total fi-
ber from all sources, and fiber from cereals and fruit
were inversely related to HOMA-IR.56 There was no
relationship with total carbohydrate intake or intake of
refined grains.

Higher whole-grain intake has also been directly corre-
lated with insulin sensitivity in cross-sectional studies
in which insulin sensitivity was assessed by FSIGTT
(frequently sampled insulin-modified intravenous glucose

Section C. Clinical Nutrition

20. DIABETES AND INSULIN RESISTANCE370



tolerance test).57 Findings from metaanalyses of prospec-
tive studies with high intakes of dietary fiber and whole
grains were complementary, with striking doseeresponse
evidence that suggests (but does not prove) causal rela-
tionships with T2D and total all-cause mortality.58 The
lowest risk was observed with fiber intakes of 25e29 g
per day and whole grains of 40e50 g per day.

Unfortunately, these strong observational findings on
carbohydrate quality are not well supported by random-
ized controlled trials (RCTs) with clinical outcomes.59,60

A small but well-designed intervention study incorpo-
rated 6e10 servings of breakfast cereal, bread, rice,
pasta, muffins, cookies, and snacks from either whole
or refined grains (in both cases mostly ground into flour)
in a diet containing 55%E from carbohydrate and 30%E
from fat. Using the glucose clamp, insulin sensitivity
was higher after 6 weeks on the whole grain diet
compared with a similar period on the refined grain
diet.59 Unfortunately, this finding was not confirmed in
the larger WHOLEheart Study in which 60e120 g/day
whole-grain foods were ingested by 316 subjects for up
to 16 weeks.60

Sucrose and fructose; The effects of fructose and sucrose (a
disaccharide of glucose and fructose) on insulin
sensitivity remains controversial. Studies in animals,
often fed extremely high intakes (e.g., 70% of total calo-
ries) or in solution in place of water, have shown a
detrimental effect of fructose and sucrose compared
with starch or glucose.61 When fructose and glucose
were compared directly, fructose was found to be the
culpable moiety.

The evidence in humans also suggests that fructose
and sucrose in very high amounts produce an increase
in insulin resistance.62 However, the relevance of these
findings to typical consumption has been questioned.63

In more realistic amounts, fructose and sucrose may
have beneficial effects on insulin sensitivity. In lean,
young healthy males, a diet containing 25% sucrose
produced higher insulin sensitivity as assessed in a
two-step clamp procedure than a diet containing 1% su-
crose.64 Similarly, a study in patients with T2D showed
that a diet with 10% of total energy as fructose produced
a 34% improvement in insulin sensitivity measured by
the euglycemic-hyperinsulinemic clamp.65 In this study,
patients lived in a hospital environment and all food
was provided. Finally, using the glucokinase clamp, no
effects on insulin sensitivity were noted after 3 months
of a 13% fructose versus sucrose diet.66 It is conceivable
however that at very high intakes (>30%E), sucrose and
fructose have adverse effects on insulin sensitivity.

Low-GI diets; Low-GI diets in which the carbohydrates
are more slowly digested and absorbed, resulting in
lower postprandial glycemia, have been associated
with improved insulin sensitivity in some studies but

not others. In the Framingham cohort, dietary GI and
glycemic load (GL) were directly related to insulin
resistance with approximately 10% more insulin
resistance in the highest quintile of GI than in the
lowest.56 Glucose uptake from blood was 45% higher
during the clamp procedure in T2D patients who ate a
low-GI diet for 4 weeks compared with a
macronutrient-matched high-GI diet.67

The alpha-glucosidase inhibitor, acarbose, which
slows carbohydrate digestion but is not absorbed into
the systemic circulation, also produces improvements
in insulin sensitivity, thereby providing proof of princi-
ple.68 Low-GI diets improved insulin sensitivity in
women with polycystic ovarian syndrome as judged
by the glucose tolerance testebased insulin sensitivity
index,69 but not in lean, active young males as judged
by the glucose clamp.64 In older, obese individuals, a
7 day low-GI diet combined with exercise training
improved clamp-derived insulin sensitivity just as well
as a high-GI diet þ exercise, but there were greater ben-
efits of the low-GI diet on systolic BP and VO2 max.70 In
children and adolescents, low-GI diets resulted in more
significant improvements in HOMA-IR compared with
the respective high GI counterparts .71 Finally, in a meta-
analysis of RCTs comparing high versus low-GI diets in
overweight and obese adults undergoing weight loss,
fasting insulin was significantly lower on the low GI/
GL arms.72 In contrast, 3e5 weeks of a low-GI diet did
not result in improvements in insulin sensitivity, lipid
levels, or systolic blood pressure over a high-GI diet in
163 overweight adults (without diabetes).73

Micronutrients and insulin resistance; Insulin sensitivity
has also been related to intake of specific micronutrients.
Magnesium is an important cofactor for enzymes
involved in carbohydrate metabolism and magnesium
deficiency as judged by serum, and dietary magnesium
concentration is associated with insulin resistance and
increased risk of T2D.74 Across 4 major cohorts, with
over 240,000 participants and over 17,000 cases of T2D,
higher magnesium intake was associated with a lower
risk of T2D.75 This association was stronger in those
with lower carbohydrate quality (i.e., high GI or low
cereal fiber) diets versus higher quality carbohydrate di-
ets. Clinical evidence for magnesium supplementation
in the treatment of T2D (through improved glucose
tolerance) is limited and results vary, often due to under-
powered studies. In RCTs, magnesium supplements
given to deficient subjects with T2D have improved
HOMA-IR.76

The ability of chromium to improve insulin sensi-
tivity remains controversial. Chromium is clearly essen-
tial for carbohydrate metabolism, but it is widely
available in the diet and deficiency states are rare. There
is growing evidence that chromium supplementation,
particularly at higher doses (1000 mg/day) in the form
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of chromium picolinate, is safe and may improve insulin
sensitivity and glucose tolerance.77 In a metaanalysis,
chromium supplementation improved HOMA-IR in
women with polycystic ovarian syndrome (a group
with intrinsic insulin resistance) and patients with
diabetes. However, the magnitude was small and the
clinical relevance uncertain.78

Vitamin intake and status may also play a role in
maintenance of insulin sensitivity. Lipid oxidation, for
example, might be a mechanism contributing to
impaired mitochondrial function. Variations in insulin-
mediated glucose disposal were observed in healthy
individuals relative to plasma concentrations of lipid-
soluble antioxidant vitamins and compounds, including
lutein, carotenoids, and tocopherols.79 However, in
other cross-sectional studies, antioxidant vitamins C
and E showed no relationship to insulin sensitivity as
judged by the FSIGTT.80 The concentration of 25(OH)
vitamin D correlated independently with clamp-
derived insulin sensitivity in a study of 126 healthy,
glucose-tolerant individuals in California.81 Those with
hypovitaminosis D were also three times more likely
to have insulin resistance.

Blood pressure salt sensitivity, as judged by the differ-
ence in blood pressure after a high-versus low-sodium
diet, was also strongly associated with insulin resistance
in lean, essential-hypertensive patients.82

Diet and type 2 diabetes

There is no single diet that is ideal for all individuals
with, or at risk of, T2D. Instead, metaanalysis suggests
a rangeof evidence-baseddietaryapproaches canbebene-
ficial, including high-carbohydrate/low-fat, low-carbo-
hydrate/high-fat low-glycemic index, Mediterranean,
and high-protein diets.83 For those at high risk of T2D,
vegetarian and vegan diets,84 the Dietary Approaches
to Stop Hypertension diet,85 and the Nordic diet86 have
also been associated with a reduced risk of T2D.

High- versus low-carbohydrate diets; The best evidence that
dietary changes can improve insulin resistance and/or
b-cell function comes from landmark studies in which
intensive lifestyle interventions prevented or delayed
progression from IGT to T2D mellitus.87,88 Both studies
employed low-fat, high-carbohydrate diets (30% of
energy from fat, 10% from saturated fat) in
combination with physical activity to achieve the goal
of weight loss. These findings have since been
perceived as a rational basis for recommending low-
fat, high-carbohydrate diets. In all probability, weight
loss per se likely played the most important role, and
the superiority of low-fat diets for those with the
metabolic syndrome is questionable.

Low-carbohydrate diets have also been shown to be
effective for glycemic control in T2D in the short term.
Three metaanalyses were published in 2017e18 and all
showed greater reductions in HbA1c at 6 months with
low-carbohydrate diets (<45% total energy) versus
high-carbohydrate diets (>45% total energy), with
greater improvements when carbohydrate was restricted
to <26% total energy. However, the benefit of one diet
over the other was no longer evident at 12 months.
Similarly, reductions in body weight were greater at
6 months with low-carbohydrate diets, however, and
only one of the three metaanalyses showed a continued
benefit at 12 months compared with a traditional high-
carbohydrate diet.

One concern about low-carbohydrate diets is the
resulting increase in the proportion of dietary fat and
thus the potential impact on CVD biomarkers. To
address this, a hypocaloric very low-carbohydrate (14%
total energy), higheunsaturated fat diet was compared
to an energy-matched, low-fat, high-carbohydrate (53%
total energy) diet in 115 overweight and obese adults
with T2D. At 2 years, both diets induced statistically
and clinically meaningful reductions in body weight
and HbA1c, with no differences between the two diets.89

GI/GL; Metaanalyses have shown low-GI/GL diets can
improve glycemic control (glycated hemoglobin),
fasting glucose, BMI, total cholesterol, and LDL
cholesterol in those with T1D or T2D or with IGT
(prediabetes).90,91

In prospective observational studies, carbohydrate
intake (whether high or low) is not usually an indepen-
dent predictor of the development of T2D mellitus or
CVD. In metaanalyses, however, the quality of
carbohydrate intake (as assessed as the higher GI or
GL) shows a consistent positive relationship to the risk
of T2Dmellitus92,93 and CVD.94 The highest relative risks
(>2) were observed among those with both a higher di-
etary GI or GL and lower cereal fiber intake.95 Some pop-
ulation studies have demonstrated that higher intake of
high GI carbohydrates, but not low GI carbohydrates,
is associated with greater risk of developing CVD.96

Mediterranean diet; The Mediterranean diet has grown in
popularity over recent years as a dietary approach to
assist with a range of health concerns, including obesity
and the prevention andmanagement of T2D. As its name
suggests, the diet is based on traditional foods and eating
patterns in the Mediterranean region, including vegeta-
bles, fruit, fish, legumes, nuts, olive, and wine. Metaanal-
ysis has shown adoption of the Mediterranean diet
decreases the risk of the metabolic syndrome97,98 and
T2D.99,100 Metaanalysis of two long-term RCTs showed

Section C. Clinical Nutrition

20. DIABETES AND INSULIN RESISTANCE372



a 49% increased probability of remission from the
metabolic syndrome during the 2e5 year follow-up.101

For those already diagnosed with T2D, HbA1c was
significantly reduced by an additional �0.31% points
(�0.61 to �0.03) compared to usual care.102

Veryelow-calorie diets (VLCD); Low-calorie diets
(800e1200 kcal/day) and VLCD (500e800 kcal/day) are
achieved using specially formulated, nutritionally
complete, meal replacement products, along with
medical supervision and dietetic support. They have
been shown to induce weight loss of approximately
15% of initial body weight over 12 weeks and a
significant reduction in blood glucose levels after
6 months in obese adults with prediabetes and T2D.103

The PREVIEW study showed that 84% of overweight
adults with prediabetes achieved the targeted �8%
body weight loss within 8 weeks using VLCD meal
replacements .104 Of the study participants, 64% had
IFG-only, 13% had IGT-only, and 23% had both IFG and
IGT. The mean weight loss was 11 kg (11% total body
weight) and was accompanied by significant
improvements in risk factors for prediabetes, including
fat mass, hip circumference, HOMA-IR, and metabolic
syndrome z-score.

Similar findings have been found with T2D in the
DiRECT trial.105 The trial enrolled 149 participants to
receive either a structured weight management program
(including 12e20 weeks of total meal replacements) or
standard care. At 1 year, 46% of intervention participants
had remission of their T2D and 24% had maintained at
least 15 kg weight loss. At 2 years, 36% of intervention
participants had maintained remission of their T2D and
11% had maintained at least 15 kg weight loss.

Taken together, these studies imply that dietary ap-
proaches that reduce the risk of developing or improve
management of T2D share a unifying mechanism of
reducing postprandial glycemia and insulinemia
despite variable macronutrient distribution. Thus, it is
possible that any diet that facilitates reduced glycemia
without increasing dyslipidemia is likely to improve in-
sulin sensitivity and relieve the burden on the b-cell.

C. Gestational Diabetes

In late pregnancy, maternal insulin resistance de-
velops and helps make more fuel, glucose and lipid,
available to the growing fetus. Growth hormone
secreted by the placenta has been shown to best relate
to changes in insulin sensitivity in pregnancy.106 In addi-
tion to directly reducing expression of the insulin
receptor, growth hormone reduces insulin signaling
and decreases GLUT4 translocation to the plasma

membrane in muscle. It also stimulates the expression
of IGF2 by the placenta which lowers the threshold for
glucose-stimulated insulin production in b-cells and in-
creases maternal circulating insulin.

D. Implications for Management

The triad of metabolic syndrome, insulin resistance,
and overweight/obesity is strongly associated with
each other.10 Reducing weight in people who are over-
weight/obese compared with their population norm
results in improvement in insulin resistance and the
clinical manifestations of the metabolic syndrome.
Therefore, the aim of management should be weight
reduction and sustained weight-loss maintenance
through increased physical activity and dietary modifi-
cation. Reduction in total energy intake is usually
required to achieve weight loss.

E. Resolving Unanswered Questions

Despite much new knowledge about the effects of
diet on insulin resistance and prevention and manage-
ment of diabetes, many questions remain unanswered.63

Dietary guidelines are still based on data derived from
observational studies, and therefore affected by con-
founding and other methodological problems. Most
randomized controlled trials are short, rely on proxy
measures, lack blinding, do not control for treatment
intensity between dietary groups, and have limited
compliance. Additional relevant considerations in
effectiveness studies include the behavioral and envi-
ronmental factors (e.g., food availability and afford-
ability) affecting compliance. The resolution of these
controversies will require mechanistically oriented
feeding studies and long term clinical trials, prospective
observational research, and examination of economic
and environmental impacts.

While insulin resistance plays an important role in
the development of T2D and GDM, the underlying
mechanisms and molecular pathways remain obscure.
Poor diets, including the quantity and quality of macro-
nutrients, are considered a major risk factor for obesity
and T2D. However, the optimal diet for treatment and
prevention remains controversial. Past emphasis on
the amount, type of fat, and proportion of fat has given
way to questions about the amount and type of
carbohydrate.

Carbohydrate quality, particularly in relation the
type of fiber (soluble vs. insoluble), GI, sugars (added
vs. free vs. naturally occurring in fruit and vegetables),
and starch (rapidly digested, slowly digested, resistant
starch), defies attempts to summarize in simple metrics.
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The rate of carbohydrate digestion and postprandial effect
on glycemia as reflected in the GI and GL of the diet re-
quires further research. Current evidence indicates that
GI andGL are substantial, causal foodmarkers that predict
the development of T2D in Europe, North America, and
someAsian countries.92,93 However, there is relatively little
research from Africa, South America, India, and China.

With the increasing global burden of obesity and of
GDM and T2D, there is a need to identify those aspects
of the diet that can be manipulated by the food industry
while still acceptable to consumers. Increasing intake of
whole grain foods, fiber, and plant proteins has been
documented in some countries but may not be accept-
able to most consumers.

RESEARCH GAPS

• Would a reduction in total carbohydrate intake (currently typically 45%e65% of total energy) help control
body weight in general population and susceptible subgroups?

• What is the role of a low-carbohydrate diet in treatment of metabolic syndrome and T2D and in management
of T1D?

• In T1D, can we improve on “carbohydrate counting” and current insulin dosage adjustment algorithms to
incorporate other nutrient information (e.g., fat and protein content of the meal)?

• Does ketosis induced by severe carbohydrate restriction provide any unique metabolic benefits and, if so, in
what clinical settings would this diet be advisable?

• To what level should added (or free) sugars be restricted for optimum individual health and for the
population as a whole?

• Would substitution of fructose in added sugars with glucose-based sweeteners provide metabolic benefit or
harm?

• Would substitution of free sugars with poorly digestible sugars, sugar alcohols, or artificial sweeteners
provide health benefits or harms (e.g., unexpected effects on the microbiome)?

• Is there benefit in replacing fructose containing sugars with other processed carbohydrates?
• Would increased intake of resistant starch provide health benefits?
• What are the health effects of substituting whole grains with other high-carbohydrate (fruits, legumes) or

high-fat (nuts, seeds, avocado) whole plant foods?
• What are the long-term effects of different types of carbohydrates on population risk of cancer,

neurodegenerative diseases, and cognitive function?
• Which carbohydrate-based foods will provide an optimal combination of health benefits, environmental

sustainability, cost, and public acceptability?

*Modified from.63
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HYPERTENSION
Thomas A.B. Sanders, PhD, DSc
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SUMMARY

Hypertension is a major risk factor for cardiovascular disease (CVD) and if untreated can lead to renal
failure. The cause of hypertension (raised blood pressure [BP]) is uncertain but is determined by diet and
lifestyle and may have its origins in early development. Improvements in maternal pregnancy outcomes
and improved infant nutrition may partially explain the secular decline in BP seen in many affluent
communities. This chapter reviews the evidence for the relationship between specific dietary factors and
hypertension. Decreasing the intake of salt, restricting alcohol intake to fewer units per day, losing excess
weight, and increasing the intake of fruit, and vegetables in a combination diet can lower systolic/dia-
stolic BP by up to 8/4 mmHg in those with hypertension and but about half as much in those with normal/
high normal BP. However, it is difficult to restrict salt intake without the cooperation of the food industry.
The strategy of encouraging the food industry to decrease the addition of salt to food and the use salt
substitutes such as potassium chloride in processed food can make an important contribution to reducing
salt intakes and lowering population BP. Even small changes in population BP are likely to substantially
reduce the burden of CVD in the population.

Keywords: Alcohol; Birth weight; Blood pressure; Obesity; Potassium; Salt.

I. NORMAL FUNCTION AND
PHYSIOLOGY

A. Measurement of Blood Pressure

Blood pressure (BP), which enables the perfusion of
tissues with oxygenated blood, is determined by cardiac
output and systemic vascular resistance. Arterial BP is
normally estimated by measuring peripheral BP in the
forearm using a sphygmomanometer, which is a device
consisting of an inflatable cuff connected to a manom-
eter. The cuff is placed around the upper and inflated
and then gradually deflated while recording sounds
from the brachial artery. The systolic blood pressure
(SBP) marks the reappearance of pulse sounds following
arterial occlusion, and the diastolic blood pressure
(DBP) is recorded as either muffling or disappearance
of the pulse sounds.

Normal SBP/DBP is typically 120/80 mm Hg or less.
Low BP is typically below 90/60 mm Hg. Mean arterial
pressure (MAP) is estimated by dividing the sum of

SBP þ (2 � DBP) by 3. MAP is preferred for monitoring
BP in sepsis, where there is hypotension, and a MAP of
less than 65 mm Hg is likely to result in hypoxia.

BP can be subject to substantial measurement error
and bias. The use of automated sphygmomanometers re-
duces bias such as digit preference and cutoffs for DBP
associated with the older mercury devices. Automated
devices are very convenient and quick to provide results
to detect low BP, for example, following a collapse,
sepsis, or trauma or very high BP. However, in order to
detect hypertension, most protocols1 suggest three read-
ings are taken with the patient seated following 15 min
rest with intervals of 1e2 min between readings, the first
reading is discarded and the mean of the second and
third readings averaged (these are often lower than the
first reading). However, elevated readings may be
obtainedwhen the subject is stressed (“white-coat hyper-
tension”), and confirmation of the presence of hyperten-
sion is required with measurements on several different
occasions. For this reason, ambulatory BPmonitoring de-
vices are preferred for confirming hypertension. The
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device is typically programmed to make measurements
every 30 min in daytime (16 h) and every hour at night
(8 h). The first three readings are usually ignored, and
average taken of the remaining readings. The values ob-
tained by this method typically are 5 mm Hg lower than
clinic-seated BP, and nighttime BP is lower than daytime
BP. The devices are relatively costly, and training is
required to identify erroneous readings. Home measure-
ment of BP, which is cheaper, can also be used with auto-
mated devices to confirm the presence of hypertension or
to monitor treatment. The techniques used to measure
BP and appropriate placebos are particularly relevant
when evaluating the effects of changes in diet and life-
style effects on BP.

B. Role of the RenineAngiotensine
Aldosterone System

The renineangiotensin system (RAS) plays a major
role in the BP regulation and fluid balance. Renin is
secreted by the kidneys when blood volume is low, the
level of sodium in blood is low, or the level of potassium
is high. Renin catalyzes the conversion of angiotensino-
gen produced in the liver into angiotensin I. Angiotensin
I is subsequently converted into angiotensin II by the
action of angiotensin-converting enzyme (ACE) that is
expressed by endothelial cells, especially in the lung.
Angiotensin II causes vasoconstriction of resistance arte-
rioles and acutely elevates BP; it stimulates the secretion
of aldosterone from the adrenal glands, which acts on
the renal tubules to retain sodium and excrete potas-
sium; it also has effects on the central nervous system
to stimulate thirst and on the pituitary gland to secrete
the antidiuretic hormone (ADH) (also known as vaso-
pressin) to retain water. These actions are opposed by
atrial natriuretic peptide, a hormone which is secreted
by the heart in response to increased BP and volume
and which promotes the excretion of sodium and water
by the kidneys. Thus, the normal role of the RAS is to
maintain BP and restore the balance of sodium, potas-
sium, and fluids. However, if the RAS becomes overac-
tive, it results in high BP. This can occur in response to
decreased renal perfusion or excessive sympathetic
nerve activation.

C. Normal Autonomic Nervous System Control

BP is regulated by autonomic nervous system based
in the cardiovascular center of the medulla oblongata
but is influenced by signaling between the hypothala-
mus and the pituitary gland, which responds by
secreting hormones such ADH. The cardiovascular cen-
ter comprises three components: the cardiovascular

accelerator center, which increases heart rate and stroke
volume via the cardiac accelerator nerve; the cardiac in-
hibitor center, which has the opposite effect mediated
via parasympathetic stimulation of the vagus nerve;
and the vasomotor center, which stimulates vasocon-
striction of resistance arteries regulating blood flow.
Baroreceptors in blood vessels detect change in BP and
chemoreceptors that detect changes in pH (which falls
when CO2 accumulates) to allow for maintenance of
normal BP via a feedback loop. Norepinephrine secreted
by sympathetic nervous system neurons plays a central
role in the neural regulation of BP.

D. Role of Nitric Oxide

Nitric oxide (NO) produced from arginine by the
endothelium cells causes vasodilation and plays an
important role in the regulation of vascular tone. NO
production is stimulated by arterial shear stress.
Impaired NO-dependent vasodilation is associated
with the development of hypertension2; arginine sup-
plements acutely lower BP,3 and conversely, inhibitors
of arginine metabolism such as NG-monomethyl-L-argi-
nine raise BP.

E. Age-Related Changes in BP

Younger women on average have lower BP than men,
typically SBP/DBP is 10/5 mm Hg lower in women.
However, around/following the menopause BP in-
creases, indicating that ovarian hormones, especially es-
trogen, have a protective effect. SBP increases with age,
whereas DBP tends to increase in line with SBP until the
sixth decade and then tends to fall. It is thought that
some of this age-related increase in SBP is in part due
to decreased activity of the RAS as well as increased
sympathetic nervous system activity.

II. PATHOPHYSIOLOGY

A. Abnormal Physiology or Function

Hypertension is classified as a systolic BP > 140 mm
Hg and/or diastolic BP of>90 mmHg1 (Table 21.1). Hy-
pertension usually results from increased resistance to
blood flow by small arterioles (resistance vessels) rather
than increased cardiac output. Hypertension is a self-
amplifying process in which the arterioles develop
thicker, more muscular walls in response to the
increased pressure; these more muscular arterial walls
when stimulated further increase peripheral vascular
resistance.
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Impaired nitric oxide production

Impaired nitric oxide generation results in an
impaired capacity of arteries to dilate (endothelial
dysfunction), is associated with aging and type 2 dia-
betes, and blunts the normal attenuation of the increase
in BP during physical exertion.4 Conversely, increased
NO generation lowers BP and excessive NO generation
is why BP falls in sepsis. Impaired nitric oxide produc-
tion is also associated with aging while stiffening of
the large arteries also occurs with aging.5

Role of the central nervous system

The acute effects of stress on increasing BP are well
known, such as increased heart rate and increased
vascular resistance. However, the long-term effects of
increased sympathetic nervous system activity on BP
are now recognized as important in the genesis of hyper-
tension. The term neurogenic hypertension is defined as
high BP with sympathetic overdrive, loss of para-
sympathetically mediated cardiac variability, and exces-
sive angiotensin II activity.6,7 Increased sympathetic

nervous system activity increases with age, obesity,
salt intake, and excess alcohol intake. There is also
more limited evidence that regular exercise reduces
sympathetic nervous system activity.

Hypertensive effect of alcohol

Alcohol abuse is a known cause of hypertension. It
acutely raises BP, and binge drinking can lead to large,
more persistent increases.1 Alcohol acutely suppresses
vasopressin (ADH) secretion, thereby having a diuretic
effect, but this is followed by a transient increase in renin
secretion as a compensatory reaction to the vasodilata-
tion and diuresis caused by alcohol. The BP-raising
effect of alcohol is rapidly reversible and can be
inhibited by alpha-adrenergic blockade.8 However, one
of the effects of chronic, high intakes of alcohol is to in-
crease sympathetic nervous system activity.

Clinical consequences of raised blood pressure

Most hypertension usually develops over decades
and is not easily reversed. By the age of 60 years, most
adults are hypertensive.1 Untreated hypertension re-
sults in end-organ damage, particularly to the microvas-
culature of the retina, brain, and kidney, and is an
important cause of blindness, dementia, and chronic
renal failure (Box 21.1).

Stroke; Severe hypertension as a major cause of stroke
can be clearly seen from a large cohort study in China,9

which shows the substantially increased risk with Grade
2 and Grade 3 hypertension (Figs. 21.1 and 21.2).

Impact on other risk factors; The hazards of cardiovascular
disease (CVD) associated with BP extend well into the
normal range of BP and are greater in the presence of
other risk factors (increasing age, high blood cholesterol,
smoking, diabetes mellitus, and target organ damage).
Data from ametaanalysis of prospective cohort studies10

show that all-cause mortality, stroke, and coronary heart
disease (CHD) incidence increase on a doubling scale
(log-linear) with increasing BP.

B O X 2 1 . 1

Major Hazards of Hypertension

Cardiovascular disease
Strokedincreased risk of vascular hemorrhage, atherosclerotic plaque rupture
Coronary heart diseasedincreased risk of atherosclerotic plaque rupture
Peripheral vascular diseasedincreased risk of atherosclerotic plaque rupture

Renal failuredmicrovascular damage
Retinal damagedmicrovascular damage
Eclampsia of pregnancydimpaired placental function resulting in impaired fetal growth and severe
hypertension

TABLE 21.1 Classification of blood pressure (mm Hg) based on
seated clinic blood pressure.

Condition Systolic BP Diastolic BP

Ideal <120 <80

Normal 120e129 80e84

High normal
(prehypertension)

130e139 85e89

Hypertension 140e159 90e99

Grade 1 140e159 90e99

Grade 2 160e179 100e109

Grade 3 >180 >110

Isolated systolic
hypertension

>140 >90

Source: Williams et al.1
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Regression dilution in measurement; Furthermore, the asso-
ciation of BP with risk of CVD tends to be underesti-
mated because of regression dilution bias. It is well
known that BP falls in response to repeat measurement,
regressing toward the mean. Adjusting for regression
dilution bias by using multiple measures of BP on
different days or by using ambulatory BP monitoring
gives a better estimate of true BP and strengthens the
relationship with risk.12

Effect of lowering BP on risk; Treating hypertension with
drugs reduces mortality, especially from stroke but
also from CHD.13 The clearest benefit is seen in those

with the highest initial BP. It has been difficult to demon-
strate benefit from lowering BP below 120/80 mmHg in
high-risk groups, such as people with type 2 diabetes.14

Consequently, ideal BP is below 120/80 mm Hg.

Hypertension in pregnancy; Hypertension can develop
during pregnancy which can, if untreated, result in
eclampsia, but BP usually returns to normal post-
partum. Such elevations in BP are thought to be due to
increased inflammation and other substances produced
by the placenta. It is estimated that 3%e10% of all preg-
nancies worldwide are affected.15 Moderate increases in
BP can be managed by diet and lifestyle changes, but
more severe elevations of BP may require pharmacolog-
ical intervention.

B. Role of Diet and Lifestyle in the Onset
Hypertension

Prevalence of hypertension internationally

Fig. 21.3 shows the worldwide prevalence of hyper-
tension in 2015 according to the World Health Organiza-
tion.16 The prevalence of hypertension is high in most
communities, with a few exceptions such as the Tsi-
mané, a Bolivian population living a subsistence lifestyle
of hunting, gardening, and fishing.17 Hypertension is
more prevalent in sub-Saharan Africa and rates are
higher in urban than in rural areas. For example, mi-
grants from rural areas of Kenya were found to show
large increases in BP when they moved into cities.18

FIGURE 21.2 Effect of stage of hypertension on risk of stroke and
cardiovascular disease in a large Chinese population.9

FIGURE 21.1 The renineangiotensin system (RAS) and its effects on systemic vasoconstriction, sodium, and fluid balance. ACE, angiotensin-
converting enzyme; ADH, antidiuretic hormone (vasopressin). Taken from Sanders and Emery.11
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The burden of hypertension in emerging economies is
likely to grow as populations become urbanized and
live longer. In contrast, BP and the prevalence of hyper-
tension is falling in many richer countries (e.g., North
America, Western Europe, Japan, Australasia) for rea-
sons that are uncertain, while the opposite is occurring
in middle-income (e.g., Russia and former Eastern Bloc
countries).19

The population approach to controlling BP focuses on
lowering the average population BP, not just in those
with hypertension. It aims to decrease exposure to fac-
tors that increase risk and to empower individuals to
make healthier lifestyle choices. Frost et al.20 argue that
lowering the BP of the whole population is likely to
have a greater impact on cardiovascular mortality than
just focusing on individuals with high BP because larger
numbers are exposed to risk.

Contributing risk factors

Cross-sectional studies find a high salt intake, obesity,
excess alcohol, and a low fruit and vegetable intake
(associated with low potassium intake) are all linked
to raised BP. The INTERSALT investigators21 showed
that the age-related increase in BP across a large number

of different communities was independently related to
body mass index, alcohol intake, and the urinary ratio
of sodium/potassium. An increase in sodium intake of
100 mmol/day (about 6 g salt/d) was associated with
an increase in SBP/DBP of 3e6/0e3 mm Hg. This rela-
tionship was found to be true for both men and women,
young and old people, and hypertensive and normoten-
sive subjects.21 There have been substantial changes in
salt intake in some countries, notably in Japan,22 as the
consumption of salted and pickled foods declined while
the consumption of fresh, chilled, and frozen food has
increased.

Fatty acid intake; The INTERMAP study23,24 has pro-
vided some evidence for a weak negative relationship
between polyunsaturated fatty acid intake and BP by
using four 24 hour dietary recalls to assess dietary intake
and eight clinic BP measurements over 3 weeks in 17
populations in Japan, China, the United Kingdom, and
the United States (n ¼ 4680). This study concluded that
dietary linoleic acid intake may contribute to prevention
and control of adverse BP levels in the general popula-
tion. It was estimated that the SBP/DBP differences
with 2 SD higher linoleic acid intake (3.77% kcal)
were �1.42/�0.91 mm Hg (P < .05 for both) for

FIGURE 21.3 Global prevalence of hypertension (World Health Organization).
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participants not being treated for hypertension. Similar
findings were made for total polyunsaturated fatty acids
intake. The same study reported small effects <1 mm
Hg for SBP for n-3 PUFA, especially those derived
from oily fish.

Body mass index; More robust evidence is provided by
prospective cohort studies. These consistently show a
relationship between hypertension and increased body
mass index25 and alcohol intake.26

Sodium intake; On the other hand, studies have revealed
mixed conclusions regarding salt per se.27 However, es-
timates of salt intake from dietary records are generally
unreliable compared with measures of intake based on
the collection of 24 hour urine samples. The PURE
study28 measured BP and the sodium content of a morn-
ing sample of urine following an overnight fast in over
95,000 individuals in 369 communities defined as
middle-income and emerging economies internation-
ally. Overall, mean systolic BP increased by 2.86 mm
Hg per 1 g increase in mean sodium intake. Commu-
nities in China had the highest sodium intakes (5.58 g/
d), and there were strong associations with BP and
stroke in that country. However, the association of so-
dium intake with CVD was less clear in other countries.

Potassium intake; Prospective epidemiological studies
consistently show a relationship between low potas-
sium intake from foods and raised BP as well as
increased risk of stroke.29 Potassium in the diet is
mainly provided by fruits and vegetables but also by
potatoes, which are not classified as fruit and vegeta-
bles in some dietary guidelines. About 80% of dietary
potassium is excreted in urine, the remainder being in
feces. Recommended intakes for potassium are typi-
cally 90 mmol/d, which corresponds to a urine excre-
tion of about 72 mmol/d. Diets high in refined cereals
such as white rice are particularly low in potassium.
The PURE study28 found urinary potassium excretion
to be consistently associated with a lower BP and a
lower risk of CVD in all countries.

Origins in early development; The evolution of raised BP
may have its origins in early development. It is well
established that hypertension is more likely to develop
in the offspring of mothers who develop preeclampsia
or gestational diabetes. Low birth weight and rapid
weight gain in early life are also associated with higher
adult BP. The US. Collaborative Perinatal Project
(1959e74) studied 55,908 pregnancies and found that
for each 1 kg increase in birth weight, the odds increased
by 2.19 for raised SBP at 7 years of age and confirmed the
finding that those who crossed growth centiles over the
intervening 7 years were most at risk.30 Animal studies
suggest that diet in early life may program the
hypothalamicepituitary axis in a way that modifies

stress responses that impact on BP in adult life.31 Im-
provements in pregnancy outcomes and infant nutrition
may in part explain the secular decline in BP seen in
many affluent countries.

III. PRIMARY TREATMENT
MODALITIES

A. Surgical Treatment

Stenosis of one of the renal arteries, which can be
diagnosed by ultrasound, can result in hypertension
and can be treated by angioplasty/stenting of the
affected artery.32 Catheter-based renal denervation for
uncontrolled hypertension using the radiofrequency
ablation of the main renal arteries was claimed to be
effective in lowering BP. Further larger randomized
controlled trials using sham-controlled patients have
produced mixed results.33 Bariatric surgery for the man-
agement of obesity lowers BP, which is related to the
amount of weight lost (see section on obesity).

B. Pharmacological Treatment

Hypertension is more usually managed with medica-
tion often used in combination. As the health risk of
hypertension increases markedly with age, it is the
older age groups that are most like to see benefit from
treatment.10 This in part explains why BP-loweringmedi-
cation (e.g., ACE inhibitors, diuretics, beta-blockers,
calcium channel antagonists) are mainly prescribed for
groups over the age of 45 years where the absolute risk
of a CVD event increases. ACE inhibitors and sartans
inhibit the vasoconstriction caused by angiotensin, beta-
blockers slow heart rate, diuretics increase sodium excre-
tion, and calcium channel blockers and alpha-blockers
have direct effects on vascular musculature causing vaso-
dilation. While the prevalence of severe hypertension
(Grade 3) and the population BP has been falling in
most affluent countries,19 untreated severe hypertension
remains common in many emerging economies.16

Until recently, BP-lowering medication was not
widely available in emerging economies, but the advent
inexpensive reliable automated sphygmomanometers
and generic drugs have allowed for better management
of hypertension. The management of hypertension pre-
eclampsia in economically developed countries has
had a substantial impact on reducing maternal mortal-
ity. However, drug treatment is not recommended for
women with SBP less than 160 mm Hg in pregnancy
based on a risk/benefit analysis due to hypothetical/po-
tential adverse effects of the medication on the fetus.

Drug treatment of hypertension is usually recom-
mended for patients with BP greater than 160/
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100 mm Hg, as well as for patients with lower BP but
with preexisting conditions, e.g., type 2 diabetes or pre-
vious CVD events. For individuals without preexisting
conditions with moderately elevated BP (Grade 1), risk
stratification is used to determine a patient’s absolute
risk of suffering a cardiovascular event over the next
10 years. This approach is used in the European1 and
US guidelines.34 In Europe, medication is considered
when the risk is greater than 20% in patients without
preexisting CVD or diabetes. In contrast, the United
States has adopted a 10% absolute risk over 10 years.34

ACE inhibitors or sartans are first line therapies, espe-
cially for younger patients. In elderly patients, diuretics
or calcium channel blockers are more usually recom-
mended, but the latter can have the side effect of pedal
edema. With increasing BP, a combination of medica-
tions is often needed to meet the treatment target. It usu-
ally takes several years for the full effects of BP
medication to have their maximal effects, as was demon-
strated in the ALLHAT study.35

A low-cost “polypill” has been developed for treat-
ment of hypertension in low-income countries using
a combination of half the standard dose of generic BP-
lowering drugs because the different drugs have syner-
gistic effects and can lower SBP/DBP 9.8/5 mm Hg in
patients with predominantly Grade 1 hypertension.36

C. Lifestyle and Dietary Management

A high proportion of the population has “prehyper-
tension” or “mild hypertension” where the risk profile
does not favor drug treatment. Diet and lifestyle are
considered to have their most important influence on
the prevention of high BP rather than on the manage-
ment of established hypertension, and early interven-
tion in the hypertensive process almost certainly helps
prevent BP becoming severely elevated. The guidelines
of the joint committee of the European Society of-
ardiology and the European Society of Hypertension
include regular physical exercise to maintain normal
BP, smoking cessation, advice regarding controlling
body weight, salt reduction, moderation of alcohol
intake, and an increased intake of fruit and vegetables.1

Obesity

Obesity is strongly related to increases in BP and the
effects are reversible; in the United States, it may account
for 60%e70% of hypertension in adults.37 However,
obesity accounts for a much lower proportion of hyper-
tension in China and Japan. For each kilogram of weight
lost, BP falls by about 1 mm Hg over a range of weight
loss of 1e5 kg.38 There is no clear evidence to indicate
the superiority of low-calorie diets that contain a higher
proportion of fat than carbohydrate in reducing elevated
BP. It would appear that the accumulation of abdominal

visceral fat rather than subcutaneous adipose tissue is
related to augmented sympathetic activity. Chronically
high levels of insulin due to insulin resistance and high
levels of leptin and/or obstructive sleep apnea may be
responsible for sympathetic overactivity in obesity-
related hypertension.37 Part of this effect appears to be
mediated via the melanocortin-4 receptor independent
of insulin.39

Dietary lipids

In contrast to the effects of body fatness, it appears
that dietary fat composition has minimal effects on pop-
ulation BP within the normal ranges of dietary intake.
The OMNIHEART study40 provided some evidence to
suggest that replacement of carbohydrate with unsatu-
rated fatty acids or protein lowers SBP by 1.3 and
1.4 mm Hg, respectively, compared with carbohydrate,
without any change in body weight. However, a metaa-
nalysis comparing diets high in monounsaturated fatty
acids versus ones high in carbohydrates was unable to
demonstrate superiority of monounsaturated fatty
acids.41 A later large randomized multicenter controlled
trial was unable to show any effect of replacing
saturated fatty acids with MUFA or carbohydrate (either
of high or low glycemic index) on clinic BP.42 Pharmaco-
logical intake of long-chain n-3 polyunsaturated fatty
acids lowered BP with intakes above 3 g/d,43 but lower
intakes had no effect.44

Salt (sodium chloride)

As previously discussed, there is consistent evidence
both between populations and within populations
that dietary salt (sodium chloride) intake is associated
with the age-related increase in BP. Many trials have
also show that restricting salt intake lowers BP, particu-
larly in those with hypertension. A Cochrane review of
these trials by He and MacGregor45 concluded that a
4.4 g reduction in salt intake (equivalent to 75 mmol
[1725 mg] sodium excretion/24 h) resulted in falls
in SBP/DBP of 4.18/2.06 mm Hg. The reductions in
SBP/DBP in mm Hg were 5.39/2.82 in hypertensive
and 2.42/1.0 in normotensive individuals, respectively.

There are large cultural differences with regard to the
use of salt in domestic food preparation and the addition
of salt at table. A metaanalysis46 reported that advice to
reduce salt intake was limited in efficacy in lowering BP;
the average reduction in 24 hour urinary sodium excre-
tion of 35.5 mmol/day (equivalent to about 2 g of salt/
day) resulted in the fall in SBP and DBP of mm Hg of
1/0.6.

When most of the salt is supplied by commercially
processed foods (e.g., bread and sauces), it is likely to
be more effective to engage with the food industry to
reduce the amount of salt in food.47 The UK Food Stan-
dards Agency persuaded food manufacturers to reduce
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the salt content of processed foods, particularly bread
and ready prepared meals, and launched a media
campaign to make consumers aware of the salt in pro-
cessed food in 2004.48 This initial success of this policy
is corroborated by evidence showing 24 h urine sodium
excretion fell in the United Kingdom and has remained
lower (Public Health England). In contrast, a review of
measures of salt intake by 24 h urinary excretion in the
United States showed little change in salt intake over
the past 50 years.49

Current dietary guidelines for adults in Europe advo-
cate that salt intakes should not exceed 6 g/day
(100 mmol), levels that are readily achievable. WHO
guidelines suggest an intake of no more than 5 g/d.
However, in the United States, there is a more stringent
target of less than 4 g/day (65 mmol/day) in adults over
51 years of age and those with hypertension.34

Sucrose

A metaanalysis conducted for the WHO50 suggested
that high intakes of sucrose increase SBP by 6.9 and
DBP by 5.6 mm Hg, but this included many poorly
controlled studies with unreliable methods of BP mea-
surement. A later metaanalysis comparing the effects
of substituting free sugars for complex carbohydrate
found no effect.51

Alcohol

Alcohol consumption increases BP acutely, and binge
drinking can lead to large, more persistent increases. As
mentioned previously, alcohol acutely suppresses vaso-
pressin (ADH) secretion, thereby having a diuretic ef-
fect, but this is followed by a transient increase in
renin secretion. It is believed that plasma renin activity
increases as a compensatory reaction to the vasodilata-
tion and diuresis caused by alcohol. The BP-raising ef-
fect of alcohol is rapidly reversible and can be
inhibited by alpha-adrenergic blockade. One of the ef-
fects of chronic, high intakes of alcohol is to increase
sympathetic nervous system activity.

The BP-raising effects of alcohol may decrease with
increasing age, at least at low/moderate intakes. How-
ever, excess intake remains an important cause of hyper-
tension in the elderly.

A metaanalysis of 15 randomized controlled clinical
trials of hypertensive and normotensive heavy drinkers
(>3 drinks daily) found that alcohol reduction was asso-
ciated with a significant reduction in mean systolic BP of
3.3 mm Hg and diastolic BP of 2.0 mm Hg.52 A more
recent analysis53 showed that the reductions in BP are
proportional to initial intake with the greatest falls
occurring with the highest intakes, and with no effect
on BP with a reduction from low to moderate intakes
up to 2 drinks per day. SBP/DBP falls of 5.5/3.97 mm

Hg were observed among heavy drinkers (>6 drinks
daily) who halve their alcohol intake (Fig. 21.4).

Fruit and vegetables

Ithadbeenarguedthat thebeneficialeffectsof increased
fruit and vegetable intake may be a consequence of an
increased potassium intake. Researchers in the United
Kingdom conducted a cross-over study to address this
issue.54 Free-living subjects with prehypertension or
grade 1 hypertension were followed for four 6 week
periods on four dietary protocols with their usual diets:
control (a placebo capsules),þ20 mmol (0.8 g) potassium
from additional fruits and vegetables, þ40 mmol (1.6 g)
potassium from fruits and vegetables, and þ40 mmol
(1.6 g) potassium as potassium chloride. Using ambula-
tory BP monitoring, they were unable to show that
intakes of additional potassium-rich fruit and vegetables
from either fruits and vegetables or the equivalent as po-
tassium chloride lowered BP.

A subsequent literature search of available studies on
the effectiveness of advice to increase fruit and vegetable
consumption (four studies) or provision of fruits and
vegetables (six studies) to participants showed that
such advice lowered SBP by 3 mm Hg, but provision
of fruits and vegetables had little effect.55

Dairy products

A metaanalysis of prospective cohort studies sup-
ports the inverse association between low-fat dairy
foods and fluid dairy foods and the risk of elevated BP
while no relationship was found with cheese.56 As
milk products are a major source of dietary calcium, it
is not surprising that a similar relationship has been
found with calcium intake and BP. It has also been pro-
posed that vitamin D status may influence BP, but the

FIGURE 21.4 Effect of advice to decrease alcohol consumption on
subsequent blood pressure reduction grouped by baseline alcohol
intake.53
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few randomized controlled trials to date provide no
clear evidence.57 However, a systematic review of com-
bined vitamin D and calcium supplementation58 con-
cluded that supplementation lowered SBP but not DBP
by 2e4 mm Hg. Furthermore, a metaanalysis also
concluded that calcium supplementation had a benefi-
cial effect in pregnancy on preventing hypertensive
disorders.59

Peptides produced through the fermentation of dairy
products with Lactobacillus helveticus have BP-lowering
properties.60 These peptides appear to partially inhibit
ACE and thereby reduce BP. Foods containing these
peptides were first marketed in Japan, then Finland,
and some other European countries. However, using
ambulatory BP monitoring as the outcome, two large
multicenter studies were unable to confirm the BP-
lowering effects of dairy peptides.61 At present, the
evidence from cohort studies suggests a possible benefi-
cial effect of liquid milk products in protecting against
hypertension, but there is a lack of data supporting
this effect from randomized controlled trials.

Potassium intake

A metaanalysis of 33 randomized controlled trials of
oral potassium supplements62 revealed significant hetero-
geneity between studies, and post hoc analyses indicate a
reduction in BP that was only apparent when salt in-
takes were high (>165 mmol [3800 mg ] sodium/d). Po-
tassium supplementation in China, an area where salt
intakes are high and potassium intakes (primarily
from fruits and vegetables) are low, lowered SBP by
about 5 mm Hg.63

In a 12 week cross-over trial, 42 individuals with hy-
pertension, some with Class 1 and 2, were fed a placebo
diet and two potassium supplements (64 mmol or 2.5 g
potassium/d) of either potassium chloride or potassium
bicarbonate each for 4 weeks. Using ambulatory BP
monitoring, there were no significant differences in BP
between the supplements and the placebo, although
other measures of endothelial function were improved
on the potassium supplements, with no difference in
the form of supplement.64

As mentioned earlier, a second randomized controlled
trial using ambulatory BP monitoring58 also failed to
show any BP-lowering effect of an additional 40 mmol
potassium (1.6 g) provided as a potassium citrate supple-
ment to UK subjects with early hypertension. These find-
ings are in agreement with a Cochrane review65 that
found no benefit of potassium supplementation for the
treatment of hypertension. However, another review
found benefit, particularly where potassium intake at
baseline was less than 90 mmol (3.6g)/d and sodium
intake was greater than 4 g (175 mmol)/d.66

Salt substitutes

It seems likely there is a threshold effect of supple-
mentary potassium intake above which potassium has
no effect on BP; this may be as high as 90 mmol
(3.6 g)/d in Southern Europe66 or as low as 40 mmol
(1.6 g)/d especially when salt intakes are high as
observed in China. However, several trials67 have
demonstrated that the partial replacement of salt with
potassium chloride is effective in lowering BP. The UK
Scientific Advisory Committee on Nutrition and Com-
mittee on Toxicity68 conducted a riskebenefit analysis.
Based on the recommendations of the European Union
BRAFO project, it estimated that the use of salt substi-
tutes containing potassium as potassium chloride, po-
tassium bicarbonate, or potassium citrate replacing
15%e25% of dietary sodium would contribute to
reducing sodium intake while not exceeding the dietary
recommendation for potassium.

Plant bioactive materials

Caffeine; Caffeine has a short-term, BP-raising effect,
which is mainly a consequence of its effect on heart
rate. A metaanalysis of chronic caffeine/coffee intake in
randomized controlled trials69 found that caffeine intake
increased SBP by 2.04 mm Hg and DBP by 0.73 mm Hg
without affecting heart rate. However, a metaanalysis of
the effects of coffee intake, which is the major dietary
source of caffeine, found no effect on BP.70

Flavonoids; A recent metaanalysis71 of the effect of cocoa
flavonoids suggests a reduction of SBP/DBP by 1.76/
1.76 mm Hg, but a later analysis found no effect.72 The
soy isoflavone genistein, when infused into the forearm
has a similar effect to estradiol on forearm blood flow,
which could be attributed to differences in nitric oxide
bioavailability.73 A metaanalysis of soy isoflavones and
BP reported a 1.92 mm lower SBP with intakes ranging
between 25 and 375 mg soy isoflavones.74 However,
this level of isoflavone intake is well above the typical
exposure of people consuming Western diets. There is
a lack of reliable data to support claims for a BP-
lowering effect of other flavonoids and anthocyanins.

Arginine and nitrate;A systematic review75 of the effect of
protein intake on BP in observational prospective cohort
studies and randomized intervention trials indicated a
small BP-lowering effect, especially in the case of plant
protein. Plant foods have a higher nonprotein nitrogen
content than foods of animal origin, mainly due to the
presence of nitrate, which is well known to lower BP
in animals. The BP-lowering effects of organic nitrates
are well established, but evidence has emerged to
show that dietary inorganic nitrate can acutely lower
BP by generating NO.76 This effect is apparently a
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consequence of some bacterial conversion of nitrate to
nitrite in the mouth that subsequently results in
increased NO.77,78 A metaanalysis of short-term ran-
domized controlled trials79 of beetroot juice, high in ni-
trate, reported mean reduction in SBP/DBP of 4.4/
1.1 mmHg. Currently, there is a lack of high quality ran-
domized controlled trials of more widely consumed
vegetables with high nitrate content on BP in humans.
The potential benefits from increased nitrate consump-
tion from vegetables on lowering BP needs to be
weighed against the potential harm, including nitrosa-
mine formation resulting from conversion to nitrite.

D. An Integrated Dietary Approach to Prevent
Hypertension

From the above, it can be seen that several dietary
factors can influence BP, and in most cases, the effects
on SBP are in the range of 2e4 mm Hg (Table 21.2).
However, these small differences have additive/syner-
gistic effects when dietary advice is combined. The
Dietary Approaches to Stop Hypertension (DASH)
study80 compared three diets in 459 subjects (of whom
133 had grade 1 hypertension) each for a period of
3 weeks: a control diet that was low in fruit, vegetables,
and dairy products with a fat content typical of the
American diet; a diet rich in fruit and vegetables; and
a “combination diet” rich in fruits and vegetables and
low in saturated fats and added sugars (the diet
comprised whole grains, low-fat dairy products, fish,
and poultry, with restrictions on the consumption of
red meat, sugary drinks, cakes, and biscuits). BP was
measured using ambulatory monitoring on multiple oc-
casions, and the study was statistically well-powered.
SBP was 3e4 mm Hg lower for the high fruit and vege-
table group compared with the control group and a
much greater reduction in SBP of 5.5 mm Hg overall
with the combination diet. The average decrease in
SBP in the hypertensive subgroup was 11.4 mm Hg.

Since the initial DASH study, several further studies
have examined the effects of a DASH-style eating plan
in combination with other lifestyle interventions. The
DASH-2 study81 examined the effects of different levels
of dietary salt reduction in conjunction with the DASH

diet. The benefits of the DASH diet for BP reduction
were enhanced with a reduction in salt intake. Com-
bined effects on BP of a low salt intake and the DASH
diet were greater than the effects of either intervention
alone. The combined effect of the DASH diet with a
low salt intake resulted in a reduction in SBP of
7.1 mm Hg in normotensive subjects and 11.5 mm Hg
in the hypertensive subjects. The effect of full-fat dairy
products in the DASH eating plan, shown to be as effec-
tive in lowering BP as with low fat items, had the
adverse effect of an increase in low-density lipoprotein
cholesterol concentrations.82

TheDASH studies, however, were tightly controlled di-
etary interventions as opposed to tests of the effectiveness
of dietary advice. The PREMIER study83 was designed for
this purpose and compared the effect of lifestyle advice
with and without behavioral therapy on BP in free-
living subjects after 6 months of intervention. Participants
were given the lifestyle advice with the DASH diet alone
or with behavioral therapy, and a third group received
standard dietary advice (reduce salt intake, lose weight,
and cut back on alcohol intake) and behavioral therapy.
Dietary advice alone resulted in a reduction in SBP/DBP
of 3.7/1.7 mm Hg. However, if advice was accompanied
by behavioral therapy, reductions in SBP/DBP of 8.0/
4.3 mm Hg were observed in patients with hypertension.

In this study, similar reductions in BP were obtained
with standard advice (reduce salt intake, lose weight,
and cut back on alcohol intake) compared with the
DASH diet. Most of the changes in BP in the groups
that received behavioral intervention could be attributed
to changes in weight (4e5 kg weight loss difference
compared with advice alone which would be predicted
to lower SBP by 4e5 mm Hg) as intakes of alcohol were
low at baseline and sodium intake as estimated from uri-
nary excretion of sodium was only 10 mmol/day lower.

The approach adopted by the DASH investigators has
been replicated in other countries and currently appears
to be the most effective dietary intervention. For
example, a dietary intervention trial in older men and
women with normal/high normal/stage 1 hyperten-
sion, who were of average body weight and not
receiving hypertensive medication,84 compared a diet
complying with UK dietary guidelines versus a tradi-
tional UK diet and reported reductions of 4.2/2.5 mm
and 2.9/1.9 mm Hg in daytime and nighttime ambula-
tory BPs, respectively, compared with the intervention.
Causal-mediated effects analysis based on urinary so-
dium excretion indicated that sodium reduction
explained 2.4 mm Hg of the fall in daytime BP, which
is close to the reduction predicted from metaanalysis
of salt reduction trials.45

The genesis of hypertension still remains poorly
understood with a number of key issues that need to
be addressed in future research.

TABLE 21.2 Summary of the size effects of the reductions in
blood pressure (mm Hg) by diet based on metaa-
nalysis of randomized controlled trials.

Dietary factor Systolic BP Diastolic BP

5 kg weight loss �4.4 �3.3

1.7 g less sodium/d �4.2 �2.0

<2 alcohol units/d �3.3 �2.0

Combination diet �8.0 �4.3
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• What are the mechanisms causing arterial stiffening and can such stiffening be modified by diet?
• How is adult BP programmed in early life?
• Why does weight gain cause increased BP?
• Does sugar/fructose affect BP?
• What are the central nervous mechanisms for regulating BP?
• What are the mechanisms causing arterial stiffening and can it be modulated by diet?
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SUMMARY

Key functions of the heart and circulatory system are to supply oxygen and nutrients to all organs and
tissues and remove carbon dioxide and waste products from peripheral tissues and organs. A healthy
blood flow promotes the normal functions of all cells, tissues, and organs. Atherosclerosis impedes blood
flow thereby initiating the onset and accelerating the progression of many cardiovascular diseases
(CVDs). Atherosclerotic CVD (ASCVD) is initiated by a nonresolving inflammatory response and later
develops into a chronic disease in which genetic predisposition, diet, and lifestyle promote onset and
progression. Interventions targeting diet and lifestyle are the primary means of prevention and reduce the
risk of ASCVD. Modifiable ASCVD risk factors are many and include overweight/obesity, elevated total
cholesterol, low-density lipoprotein cholesterol, elevated triglycerides, high nonehigh-density lipoprotein
cholesterol, low high-density lipoprotein cholesterol, elevated blood pressure, hyperglycemia, physical
inactivity, cigarette smoking, stress, and an unhealthy dietary pattern. There is a strong evidence base for
the current food-based dietary recommendations and specific nutrient targets (e.g., lower saturated fat,
sodium, added sugars) that collectively contribute to a healthy vasculature and reduced CVD risk.

Keywords: Atherosclerotic cardiovascular disease; Diet; Dyslipidemia; Hypertension; Lifestyle; Nutrition; Risk
factors.

I. NORMAL VASCULAR FUNCTION
AND PHYSIOLOGY

The structural composition of blood vessels plays an
active role in normal vascular function and contributes
to overall cardiovascular homeostasis.1 Arteries have a tri-
laminar structure situated in three layers as concentric cir-
cles. The tunica intima is the interface between the

vasculature and the blood; the tunica media is the middle
layer comprising smooth muscle to regulate vessel tone;
the outermost layer, the tunica adventitia, acts as a me-
chanical support consisting of fibroblasts and connective
tissue. The layers of blood vessels are subject to changing
environmental conditions, which, in large part, influence
homeostatic signaling through the endothelial cells of
the intima.2
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The endothelium acts as amediator for normal vascular
function by establishing a semipermeable barrier between
the lumen and smooth muscle. At the luminal surface, a
meshlike extracellular network of proteoglycans, glycos-
aminoglycans, and glycoproteins collectively called the
glycocalyx exists.3 This glycocalyx helps maintain homeo-
stasis by mediating coagulation, cell adhesion, and shear
stress from blood flow. In addition, the glycocalyx func-
tions as an anionic “charge barrier” assisting in the regula-
tion of endothelial permeability alongside other structural
barriers such as interendothelial junctions, fenestrae, and
transcellular receptor mediators.4 A variety of molecular
signals can propagate through these extracellular struc-
tures. For example, prevention of oxidative damage occurs
through endothelial expression of superoxide dismutase
(SOD), which acts to protect cells from damage by reactive
oxygen species.5 Expression of SOD increases in the pres-
ence of excess physiologic levels of reactive oxygen spe-
cies. Extracellular SOD bound to proteoglycans of the
extracellular matrix and glycocalyx establish a structural
complex to reduce the presence of reactive oxygen species
in the basement membrane or luminal environment,
respectively.6 Oxidative products circulating in the blood
or internalized into the basement membrane of vessels
contribute to important steps in the progression of
atherosclerotic cardiovascular disease (ASCVD); the
expression of SOD alongside a variety of other chemical
signals is important in preventing disease development.

Mechanical stimuli also help regulate inflammation,
tone, and homeostasis. Shear stress, the frictional force
from pulsatile blood flow, induces a signal cascade
that promotes cellular differentiation and maintenance
of the glycocalyx.5 Increased expression of endothelial
transcription factors, such as Krüppel-like factors
(KLFs), in response to shear stress is a form of mechano-
transduction that helps maintain normal vascular func-
tion. KLFs upregulate homeostatic mechanisms
including the activation of endothelial nitric oxide syn-
thase resulting in reduced local vascular pressure
through nitric oxide (NO) synthesis.5,7

The importance of circulating serum lipids in normal
vascular function also contributes to vascular homeosta-
sis since many of the associated risk factors for ASCVD
are present in the blood. Traditional measurements of
ASCVD risk target low-density lipoprotein cholesterol
(LDL-C) due to the causal relationship between elevated
LDL-C and CVD events.8 However, in vitro studies sug-
gest there is limited atherogenicity of unmodified (native)
LDL-C.5 Modifications to native LDL-C are implicated in
ASCVD risk; this includes changes to the lipoprotein
composition of specific membrane-bound apolipopro-
teins (Apo-B, Apo-E, and Apo-C) and cholesterol particle
number (LDL-P). Lipids and lipoproteins of native LDL-
C can also be directly modified by lipid oxidation, desia-
lylation, and particle charge acquisition resulting in the
accumulation of modified LDL-C in the subendothelial

space and initiation of an atherosclerotic lesion.9 Elevated
circulating LDL-C concentration is a major risk factor for
ASCVD, and LDL-C lowering by pharmacologic therapy
or lifestyle modification reduces rates of coronary
events.8 The National Lipid Association and 2018 Guide-
line on the Management of Blood Cholesterol recom-
mend keeping LDL-C below 100 mg/dL (see guidelines
for more information).10,11

II. PATHOPHYSIOLOGY OF
ATHEROSCLEROTIC

CARDIOVASCULAR DISEASE

ASCVD initiation and progression is a multifactorial
process in which chronic inflammation is mediated by
endothelial dysfunction, cellular damage, and circu-
lating cardiometabolic risk factors (e.g., LDL-C, LDL-P,
oxidized LDL-C [oxLDL-C]). The clinical manifestations
of ASCVD, therefore, present in a variety of forms listed
and described in detail in the following section.

A. Coronary Heart Disease, Stroke, and
Peripheral Vascular Disease

Cardiovascular disease (CVD) is defined as any dis-
ease of the heart and its associated blood vessels, most
commonly coronary heart disease (CHD), stroke, and
peripheral vascular disease.

CHD, also known as coronary artery disease, is a dis-
ease of the coronary arteries, which provide the heart’s
oxygen and nutrient requirements.12 These arteries are
at high risk for narrowing when cholesterol deposits
(i.e., plaques) build up inside the artery. With significant
narrowing of the coronary arteries, blood supply to the
heart is significantly decreased, resulting in pain or
angina. If the plaque ruptures, a thrombus (blood clot)
forms and may obstruct the artery, thereby decreasing
blood flow and frequently causing a myocardial infarc-
tion or stroke. The stoppage of blood flow to the heart
also causes necrosis of the affected muscle, resulting in
diminished function of the heart. CHD accounts for
43.2% of CVD deaths and is the leading cause of CVD-
related deaths in the United States.13

Stroke, also known as a cerebrovascular accident
(CVA), is another form of CVD that exists in two forms.
Ischemic stroke results when the formation of a plaque
blocks the blood flow within the artery leading to the
brain, while hemorrhagic stroke results after the rupture
of a blood vessel and is characterized by uncontrolled
bleeding into the surrounding brain tissue. In 2016,
deaths attributable to CVAs totaled 5.5 million world-
wide with 2.7 million and 2.8 million deaths linked to
ischemic and hemorrhagic stroke, respectively.13 Stop-
page of blood flow for more than a few seconds leads
to the loss of oxygen to cells within the brain, causing
cell death and permanent brain damage.
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Peripheral vascular disease is disease of the blood
vessels outside of the brain and heart.14 Inflammation,
tissue damage, and plaque accumulation cause narrow-
ing of the blood vessels leading to the peripherydthe
arms, legs, stomach, and kidneysdand result in damage
to these organs and tissues.

B. Endothelial Injury

Initiation of endothelial injury can occur through a
variety of conditions including physical and mechanical
factors, oxidation, and LDL modification. These patho-
physiological states result in endothelial dysfunction
and are the initial conditions in fatty streak formation.
Chronic inflammation and dysregulation of macromo-
lecular permeability, vascular remodeling, or oxidation
promote plaque formation and progression, which can
be attenuated through diet and lifestyle changes
described in subsequent sections.

Physical/mechanical factors

Endothelial dysfunction provides a generalized char-
acterization of ASCVD initiation; however, fatty lesion
formation and atherogenesis are generally focal in nature.
Specific regions of the cardiovascular system are consid-
ered thrombogenic, partly due to the physical and me-
chanical forces of blood flow on the endothelium.5

Shear stress at arterial bifurcations and curvatures creates
a unique hemodynamic state at the bloodeendothelial

interface.6 Flow-related irregularities develop at these lo-
cations and include disturbed blood flow and oscillatory
or low shear stress that promotes atherogenesis.15 Coun-
terintuitively, areas of increased laminar flow that also
provide regular, high shear stress are resistant to fatty
streak formation, whereas disturbed blood flow regions
create atherogenic pathologies.6 Such is the case at the si-
nus bifurcation of the carotid artery (Fig. 22.1), which is a
common atherogenic locus.5 One explanation for the pro-
tective effect of high shear stress is related to increased
glycocalyx maintenance and cell signaling as a result of
mechanotransduction.1 Investigation of atherogenic sus-
ceptible regions shows alterations to cellular morphology
and irregular expression of glycocalyx proteoglycans.17

Lipoprotein particles (e.g., LDL-C) and other plasmamol-
ecules can then traverse the damaged endothelium into
the intima or subendothelial space.1 Within the intima,
the lipoproteins are sequestered and modified, thereby
contributing to their chemotaxic, proinflammatory, cyto-
toxic, and proatherogenic properties.1,5

Oxidative stress

The role of oxidation in fatty streak formation occurs in
tandem with endothelial dysfunction.18 Passage of LDL-
Ps into the subendothelial space can occur in areas of
disturbed laminar flow or abnormal glycocalyx forma-
tion.1 Internalization and retention of LDL-C increases
the oxidative potential of the fatty acids that exist in the
lipoprotein particles. While in vitro studies suggest

FIGURE 22.1 Focal nature of atherosclerosis at the human carotid bifurcation. Atherosclerosis-resistant regions are mediated by high shear
stress and maintenance of luminal structures. Mechanotransduction increases homeostatic mechanisms such as antiinflammatory and antith-
rombotic signals (KLFs, glycocalyx maintenance) preventing conditions of atherogenesis. Hemodynamic factors including disturbed flow at the
carotid sinus contribute to an atheroprone endothelium. Impaired endothelial barrier function increases LDL-C extravasation resulting in sub-
endothelial retention and modification in the tunica intima. Adapted from: Tabas et al.16
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native LDL-C is insufficient to elicit an inflammatory
response, a retention hypothesis has been proposed as a
mechanism for lipid oxidation in the vessels.5 Positively
charged sites along an Apo-B100econtaining LDL-C
originating from the liver have an ionic interaction with
the negatively charged proteoglycans of the subendothe-
lial space.19 Binding induces a conformational shift to the
Apo-B100 and the lipoprotein particle creating the poten-
tial for oxidation and retention within the subendothelial
space. The peripheral layer of phospholipids surround-
ing LDL-C contains varying degrees of polyunsaturated
fatty acids (PUFAs) that are vulnerable targets for perox-
idation by free radicals.5 Reactive by-products of oxida-
tion initiate the inflammatory response by activating
endothelial cells to recruit leukocytes from the lumen
into the subendothelial space. An unresolved inflamma-
tory response promotes foam cell and plaque formation
described in detail in the next section and depicted in
Figs. 22.2 and 22.3 below.

Elevated cholesterol and lipoprotein modification

Elevated serum concentrations of cholesterol and its li-
poprotein carriers are associated with ASCVD. In partic-
ular, cholesterol carried by apoB-containing lipoproteins,
collectively referred to as nonehigh-density lipoproteins
(non-HDL-C), are considered atherogenic.20 These
include low-density (LDL-C), intermediate-density (IDL-
C), veryelow-density lipoproteins (VLDL-C), and lipopro-
tein(a), plus chylomicrons and their remnants in the post-
prandial state. Elevation of apoB-containing lipoproteins is

directly associated with atherosclerosis and contributes to
cardiovascular events. Infiltration of the arterial intima
by these lipoprotein particles (especially from small, dense
LDL-P) causes intimal thickeningda marker of subclinical
atherosclerosisdand low-grade inflammation.21

LDL-C modification, particularly by oxidation, con-
tributes importantly to atherogenesis. Intrinsic factors
such as antioxidant content (e.g., vitamin C and vitamin
E), fatty acid composition, particle size (small and dense
subfractions of LDL-C are more susceptible to oxida-
tion), and extrinsic factors, including the surrounding
pH, local antioxidant concentrations, and transition
metal availability, increase the susceptibility of LDL-C
to oxidation.22

Native LDL-Cdoes not substantially contribute to lipid
accumulation in the arterial wall, but modifications of
LDL-C in the bloodstreammay increase its atherogenicity.
Specifically, desialylation (removal of sialyic acid groups)
appears to be one of the first modifications, followed by
physical and chemical modifications that change the lipid
composition, decrease size, increase density, increase elec-
trical charge, and oxidize LDL-C (oxLDL) particles.9,23,24

Such modified LDL-C precipitates an immune response
within the arterial wall,25 leading to foam cell develop-
ment and plaque progression (Fig. 22.2).26

C. Inflammatory Response

The endothelium is activated by several atherogenic
and proinflammatory particles found in the circulation.

FIGURE 22.2 Initiation of the atherosclerotic lesion. The fatty streak phase of atherosclerosis begins with dysfunctional endothelial cells and
the retention of apoB-containing lipoproteins (LDL-C, VLDL-C, and apoE remnants) in the subendothelial space. Retained lipoproteins are
modified (oxidation, glycation, enzymatic), which, along with other atherogenic factors, promotes activation of endothelial cells. Activated
endothelial cells have increased expression of monocyte interaction/adhesion molecules (selectins, VCAM-1) and chemoattractants (MCP-1,
CCR2, CCR5, CCL2, CCL5) leading to attachment and transmigration of monocytes into the intimal space. The monocytes differentiate into mac-
rophages and express receptors that mediate the internalization of VLDL-C, apoE remnants, and modified LDL to become foam cells. Macrophage
chemokine release signals additional inflammatory leukocytes including T-helper 1, T-regulatory, mast, and dendritic cells. Courtesy of Linton et al.5
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LDL-C modification allows for its cellular uptake via the
scavenger receptor and consequent promotion of athero-
genesis. Lipid peroxidation is mediated in part by 15-
lipoxygenase, myeloperoxidase, or nitric oxide synthase.5

OxLDL-C is atherogenic and is a direct and indirect che-
moattractant for circulating monocytes,27 with the latter
occurring via the release of monocyte chemoattractant
protein 1 (MCP-1) from the endothelium.5 OxLDL-C po-
larizes macrophage phenotype toward M1- or M2-like
macrophage cells that increase inflammatory cytokine
signaling.5 The endothelium in turn has increased expres-
sion of various cell adhesion molecules, such as the
vascular cell adhesion molecule 1, which results in the
recruitment and migration of monocytes and T-
lymphocytes from the blood.5 Other molecules also
participate in the recruitment of blood-borne cells to the
atherosclerotic lesion, including intercellular adhesion
molecule 1 (ICAM-1), E selectin, and P selectin.28,29

Adhesion to the endothelium is followed by transen-
dothelial migration mediated via one or more chemo-
tactic cytokines.5 In the intima, the attracted monocytes
differentiate into macrophages and undergo receptor-
mediated phagocytosis of VLDL-C, ApoE remnants,
and modified LDL-C. Phagocytosis continues in an
abundance of lipoproteins until the activated

macrophages undergo apoptosis or necrosis.5 Death of
the foam cells leads to the formation of a soft and unsta-
ble lipid-rich core within the atherosclerotic plaque.30

In conditions of low LDL-C and high HDL-C plasma
levels, the foam cells may shrink through the efflux of
cellular cholesterol to extracellular HDL-C mediated by
membrane transporters,31,32 creating the initial step in
reverse cholesterol transport (RCT). Moderate to high
levels of HDL-C have been found to be cardioprotective
since the risk of atherosclerosis is inversely related to
HDL-C levels33 with the protective effect due to themedi-
ation of RCT by HDL-C.34 In this process, HDL-C parti-
cles remove free cholesterol from the macrophages and
transport it to the liver for excretion in the bile.34 The
presence of HDL-C also inhibits smooth muscle chemo-
kine expression and proliferation.5 Since HDL-mediated
RCTcontributes to a decrease in tissue cholesterol levels,
increased RCTstimulates atheroregression and decreases
the risk of atherosclerotic plaque development.

D. Plaque Progression and Stabilization

The fibroproliferative response mediated by vascular
smooth muscle cells produces a collagen-rich matrix
that stabilizes atherosclerotic plaques. In addition,

FIGURE 22.3 Progression of the atherosclerotic plaque. Macrophage foam cell and endothelial cell inflammatory signaling continues to
promote the recruitment of more monocytes and immune cells into the subendothelial space. Transition from a fatty streak to a fibrous fatty lesion
occurs with the infiltration and proliferation of tunica media smooth muscle cells. Macrophage foam cells and other inflammatory cells produce a
number of chemoattractant and proliferation factors, including transforming growth factor beta (TGF-b), platelet-derived growth factor (PDGF)
isoforms, matrix metalloproteinases, fibroblast growth factors (FGF), and heparin-binding epidermal growth factor (HB-EGF). Smooth muscle
cells are recruited to the luminal side of the lesion to proliferate and generate an extracellular matrix network to form a barrier between lesional
prothrombotic factors and blood platelets and procoagulant factors. A subset of smoothmuscle cells express macrophage receptors and internalize
lipoproteins to become foam cells. Courtesy of Linton et al.5

Section C. Clinical Nutrition

II. Pathophysiology of Atherosclerotic Cardiovascular Disease 397



foam cell clearance of accumulating cholesteryl esters is
diminished due to compromised lysosomal function
further contributing to plaque formation.5 Breakdown
of the foam cell elicits migration of smooth muscle cells
to aggregate around the damaged foam cell core creating
a fragile, fibrous cap (see Fig. 22.3).5 Regulatory T-helper
cells (T-reg) mediate the inflammatory status of the pla-
que by releasing transforming growth factors beta (TGF-
b) and interleukins (see Fig. 22.45). T-Reg cells also signal
cell death and increased collagen expression to help sta-
bilize the plaque.5

Continuation of foam cell breakdown is detrimental in
that several matrix-degrading (proteolytic) enzymes are

released, suchasmatrixmetalloproteinases,which further
destabilize the plaque and induce thrombogenesis.5

A relatively large atherosclerotic plaque is prone to
plaque rupturewhere adefect orgapoccurs in thefibrous
cap leading to the loss of the separation between its lipid-
rich core and the circulating blood.35 This results in a
cascade of events beginning with plaque rupture fol-
lowed by platelet aggregation to the exposed subendo-
thelial tissue and fibrin formation over the ruptured
plaque. The rapid onset of platelet aggregation creates
an obstruction leading to a decrease in blood flow.30

III. RISK FACTORS FOR
ATHEROSCLEROSIS

Abnormal blood lipid and lipoprotein levels are major
contributors to atherosclerosis. In addition, elevated blood
pressure, overweight/obesity, dysglycemia, physical inac-
tivity, smoking, stress, and an unhealthy dietary pattern
are implicated in the etiology of atherosclerosis.13,36

Approximately 20%e25% of initial vascular events occur
in patients with one major CVD risk factor, with about
one-half of those having elevated LDL-C.37 Moreover,
overweight and obesity, physical inactivity, and an un-
healthy diet are associated with elevated LDL-C, blood
pressure, and glucose. Recommended nutrition and med-
ical interventions target modifiable risk factors and can
significantly reduce the progression of atherosclerosis
and CVD. These modifiable and nonmodifiable risk fac-
tors are presented in Table 22.1.11,36,38

A. Smoking

Cigarette smoking is a major risk factor for the devel-
opment of atherosclerosis through the inhalation of
many toxic chemicals (e.g., nicotine, carbon monoxide,
polycyclic aromatic hydrocarbons).39 The main mecha-
nisms involve endothelial dysfunction, inflammation,
and an unfavorable lipid profile.39 Smoking is associated
with increased triglyceride (TG) and decreased HDL-C
concentrations.39 Similarly, electronic cigarette (e-
cigarette or vaping) usage is associated with increased
odds of myocardial infarction and stroke.40 Although
the mechanisms are not fully understood, the aerosol-
ized vapor may contain toxic materials (e.g., nicotine,
heavy metals, ultrafine particles) that promote
atherosclerosis.41,42

Another major risk factor for atherosclerosis, high
blood pressure, causes endothelial injury through shear
stress and microtears in the artery wall.43 Other risk fac-
tors, such as overweight and obesity, elevated blood
glucose, physical inactivity, and an unhealthy dietary
pattern, play amajor role in the progression of atheroscle-
rosis. A chronic state of inflammation, induced by excess
adiposity, dysglycemia, and/or poor diet, presented as

FIGURE 22.4 Features of the stable fibrous plaque. As the cell
volume of the intima increases, there is vascular remodeling so that the
lumen is only partially occluded, substantially lessening clinical events
resulting from occlusion. The stable plaque contains a generous thick
fibrous cap composed of layers of smooth muscle cells ensconced in a
substantial extracellular matrix network of collagen, proteoglycans,
and elastin. The thick fibrous cap of the stable plaque provides an
effective barrier preventing plaque rupture and exposure of lesion
prothrombotic factors to blood, thereby limiting thrombus formation
and clinical events. Maintenance of a thick fibrous cap is enabled by
regulation of the inflammatory status of the foam cell core of the lesion.
RegulatoryT (T-reg) cells produce transforming growth factor beta (TGF-
b). In addition, T-reg cells inhibit antigen-specific activation of T helper 1
(Th-1) cells to produce interferon gamma (IFNg). Increased TGF-b re-
duces the proinflammatory macrophage phenotype leading to reduced
cell death, effective efferocytosis (phagocytosis of dead cells), and anti-
inflammatory cytokine production (i.e., TGF-b). Thus, stable plaques
have small necrotic cores containingmacrophagedebris andextracellular
lipid resulting from secondary necrosis of noninternalized apoptotic
macrophage foam cells. The production of TGF-b by T-reg cells and
macrophages maintains fibrous cap quality by being a potent stimulator
of collagen production in smooth muscle cells. Courtesy of Linton et al.5
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elevated levels of C-reactive protein and other proinflam-
matory cytokines, along with decreased levels of antiin-
flammatory cytokines, has also been found to promote
atherosclerotic plaque development.44 Targeting these
risk factors is central to reducing ASCVD.

B. Blood Pressure

Elevated blood pressure is a major risk factor for
atherosclerosis. Thus, it is a clinical target for lifestyle
and pharmacological therapies to reduce ASCVD risk.
The current definition of hypertension in the United
States is blood pressure �130/80 mmHg.38 Individuals
with elevated blood pressure (120e129/<80 mmHg)
and individuals with hypertension who are not at high
ASCVD risk are prescribed nonpharmacological interven-
tions, including dietary modification. Pharmacological

treatment is recommended for individuals with hyperten-
sion and high ASCVD risk.

Hypertension can both cause and perpetuate athero-
sclerosis. Hypertension is implicated in the develop-
ment of endothelial dysfunction, oxidative stress,
vascular remodeling, and fibrosis, contributing to
atherosclerosis.45 The narrowing of arteries due to
atherosclerotic plaque formation can also increase blood
pressure. The complex interrelations between athero-
sclerosis and blood pressure are important in preventing
and treating CVD (See Chapter 21, Hypertension).

Elevated blood pressure is also both a cause and conse-
quence of arterial stiffening, a degenerative process in
which elastic arteries undergo structural changes that
affect extracellular matrix proteins in the vessel wall.46,47

Arterial stiffening is caused by changes in the media
(the middle layer of the arteries) and is characterized by
reductions in elastin and increases in collagen deposition.
The greater pressure needed to eject blood during systole
can also cause a reduction in aortic diastolic blood pres-
sure (DBP). Stiffening of the arteries increases the likeli-
hood of atherosclerosis, although the atherosclerotic
process occurs in the arterial intima as a result of lipid
accumulation, oxidation, and inflammation.46

Vascular stiffening and atherosclerosis often co-occur
and share some risk factors, such as elevated blood pres-
sure and chronic inflammation.48e50 Arterial stiffness is
an independent predictor of CVD events, as well as an
additional risk factor that improves risk prediction in-
formation when coupled with the traditional risk pre-
dictor models such as Framingham Risk Score.51

C. Blood Glucose

Impaired glycemic regulation results from insufficient
or absent insulin production and/or resistance to insulin
signaling. The former is a classic feature of type 1 dia-
betes, whereas type 2 diabetes is characterized by insulin
resistance with or without insufficient compensatory in-
sulin production. Dysglycemia resulting from insulin
resistance is also a common feature of metabolic syn-
drome, defined as having at least three out of the five
criteria (elevated fasting glucose [�100 mg/dL], TGs
[�150 mg/dL], waist circumference [men: �102 cm
or�40 in and women:�88 cm or�35 in], blood pressure
[�130 mmHg SBP or �85 mmHg DBP), and low HDL-C
(men:<40 mg/dL and women:<50 mg/dL).52 Regard-
less of etiology, hyperglycemia increases atherosclerotic
risk.53 Additionally, elevated fasting glucose, in the
absence of diabetes mellitus, may increase CVD risk.54

Hyperglycemia damages the vasculature through
several mechanisms. Acute hyperglycemia increases
expression of vascular adhesion molecules and proin-
flammatory markers (e.g., ICAM, VCAM, IL-6, E-
selectin) and promotes accumulation of reactive oxygen
species, resulting in vascular inflammation and

TABLE 22.1 Modifiable and nonmodifiable risk factors for pri-
mary prevention of atherosclerosis.

Nonmodifiable Modifiable

Goals for modifiable risk

factors

Age Weightb Weight loss is recommended
if BMI is �25 kg/m2

Sex Lipid profilea Total cholesterol: <150 mg/
dL (3.8 mmol/L)

Family history/
genetics

LDL-C: <100 mg/dL
(2.6 mmol/L)

Race and ethnicity Triglycerides: <150 mg/dL
(3.8 mmol/L)

HDL-C:
Men: �40 mg/dL
(1.0 mmol/L)
Women: �50 mg/dL
(1.3 mmol/L)

Blood pressurec Systolic: <120 mmHg
Diastolic: <80 mmHg

Glycemic
controla

Fasting blood glucose:
<100 mg/dL (5.6 mmol/L)

Physical
activityb

150 min of moderate-
intensity activity or 75 min of
vigorous-intensity activity
per week (or an equivalent
combination of both)

Tobacco useb Cessation of all types of
tobacco use

Dieta,b Follow a heart-healthy diet

Please see 2018 Guideline on the Management of Blood Cholesterol for clinical

management in high-risk and secondary prevention.11

a2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/

PCNA Guideline on the Management of Blood Cholesterol: Executive Summary.11

b2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease.36

c2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA

Guideline for the Prevention, Detection, Evaluation, and Management of High

Blood Pressure in Adults: A Report of the American College of Cardiology/American

Heart Association Task Force on Clinical Practice Guidelines.38
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endothelial dysfunction.55,56 Glycation of LDL-C is also
increased by hyperglycemia, thereby increasing its athe-
rogenicity.57 People with metabolic syndrome and/or
diabetes are more likely to have atherosclerosis and
are at higher risk for CVD events than individuals free
of these conditions.58e60 Lifestyle factors that promote
blood glucose control and insulin sensitivity, and reduce
glycemic excursions, can slow the development and pro-
gression of ASCVD.61

The foundation for reducing CVD risk is a healthy
lifestyle, including a high-quality diet. A suboptimal
diet leads to metabolic and physiological aberrations
involved in the pathogenesis of CVD. This section dis-
cusses the role of diet in the onset of CVD.

D. Role of Diet in Onset of CVD

Poor-quality diet

Globally, approximately 53% of CVD deaths and 58%
of CVD-related disability are because of poor diet
quality, making it the leading risk factor for CVD-
related morbidity and mortality.62 Poor diet quality is
defined as suboptimal intake of fruits, vegetables,
whole grains, seafood, nuts and seeds, fiber, legumes,
polyunsaturated fatty acids, and milk coupled with the
overconsumption of sodium, trans fats, sugar-
sweetened beverages, and processed meats.62 Recent
research has reported that high consumption of sodium
and low intake of whole grains and fruits account for
more than half of all diet-related deaths and 66% of
diet-related disability worldwide (predominantly from
CVD).62 These findings are representative of diet-
related death and disability in the United States, Canada,
and many other high- and middle-income countries.

The diets of fewer than 0.5% of adults in the United
States met the criteria for an ideal Healthy Diet Score,
while w82% of adults aged 20e49 years and w73% of
individuals aged 50þ had a poor score.13 The Healthy
Diet Score, as defined by the AHA, is calculated based
on intake of fruits and vegetables; fish and shellfish; so-
dium; sugar-sweetened beverages; whole grains; nuts,
legumes, and seeds; processed meats; and saturated fat
(Table 22.2).63 Since 2003, there has been little improve-
ment in the percentage of US adults with an ideal
Healthy Diet Score.13

Observational studies consistently show a dosee
response relationship between better diet quality (indices
based on adherence to dietary recommendations) and
lower CVD morbidity and mortality in diverse popula-
tions studied.64e69 An analysis from the Nurses’ Health
Study and the Health Professionals Follow-up Study
showed per 20 percentile increase in diet quality, total
mortality was reduced by 8%e17% (depending on the
diet quality index used), and risk of cardiovascular mor-
tality was reduced by 7%e15% during the follow-up
period.69 However, declining diet quality over the 16
years of follow-up was associated with a 22%e24%

increase in total mortality and a 24%e33% increase in car-
diovascular mortality (depending on the diet quality in-
dex used). This is consistent with evidence showing
that poor-quality diets, often referred to as “Western-
style diets,” are associated with metabolic dysfunction
and increased risk of CVD.70e72 Western-style diets are
typically characterized by higher intakes of red meats,
processed meats, refined grains, sweets and desserts,
French fries, and high-fat dairy products.70

Findings from clinical trials are supportive of the
poor dietedisease relationships identified in epidemio-
logic research. The PREDIMED trial showed that Medi-
terranean diets (high in either extra virgin olive oil or
mixed nuts) reduced CVD events by approximately
30% compared to a control diet lower in fat in partici-
pants (55e80 years of age) at high risk of CVD.73

Notably, in PREDIMED, the Mediterranean diet score
difference between the Mediterranean diet groups and
the control group ranged from 1.4 to 1.8 points (out of
14) over the approximate 5 years of follow-up, demon-
strating that small improvements in diet quality
conferred clinically significant cardiovascular benefit.73

The cardiovascular risk reduction observed with
improved diet quality is mediated by improvements in car-
diovascular risk factors. Meta-analyses of randomized
controlled trials have shown that healthy dietary patterns
lower blood pressure74 and LDL-C75 and reduce systemic
inflammation.76 TheMediterranean diet lowers blood pres-
sure and modestly reduces LDL-C and TG,77 reduces fast-
ing plasma glucose,78 and improves arterial stiffness and
endothelial function.79,80 Similarly, the Dietary Approaches
to Stop Hypertension (DASH) diet, defined below (see Ta-
ble 22.3), improves a number of risk factors for CVD such
as blood pressure, total cholesterol, and LDL-C.75,84

TABLE 22.2 The definition of ideal, intermediate, and poor
levels of AHA’s Healthy Diet Score.

Component

Primary*

Fruits and vegetables �4.5 cups/day

Fish 3.5 oz servings (preferably
oily fish)

�2 servings/week

Sodium 1500 mg/day

Sweets/sugar-sweetened
beverages

�450 kcal (36 oz.)/week

Whole grains �3 1-oz equivalent servings/day

Secondary

Nuts, legumes, seeds �4 servings/wk

Processed meats �2 servings/wk

Saturated fat �7% of kcal

Healthy Diet Score: Ideal ¼ 4e5 components, intermediate ¼ 2e3 components,

and poor ¼ 0e1 component. *Scaled for 2000 kcal/day.

Adapted from LloydeJones et al.63
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Whileoverall poordietquality is the leadingcontributor
to CVDdevelopment, specific dietary components make a
significant contribution to the CVD burden. In the subse-
quent sections, the contributions of sodium, macronutri-
ents, and omega-3 (n-3) fatty acids will be discussed.

Role of sodium in the onset of CVD

High sodium intake causes a greater proportion of
CVD-related deaths and disability than any other die-
tary factor. Recent global estimates show high sodium
intake accounts for 28% of diet-related CVD deaths.62

Concordant and high-level evidence shows a positive
linear relationship between sodium intake and blood
pressure.85 On the basis of a comprehensive literature re-
view, the 2019 review of Dietary Reference Intakes for
sodium85 reported that systolic and DBPs are lowered
by 2.4e2.7 mmHg and 1.2e1.7 mmHg per 1000 mg/
day reduction in sodium intake (where baseline sodium
intake is in the range of 1000e5000 mg), respectively.
Furthermore, reducing sodium by 1000 mg/day is asso-
ciated with a 27% reduction in CVD risk and a 20%
reduction in hypertension risk.

In addition to inducing doseeresponse increases in
blood pressure, sodium also acts on the vasculature,
causing micro- and macrovascular impairment.86e88 In
a 7-day randomized crossover-controlled feeding
study, a high sodium intake (5313 mg/day) reduced
endothelium-dependent dilation by 32%, compared with
a low-sodiumdiet (667 mg/day), in healthy normotensive
subjects; this endothelial impairment occurred indepen-
dently of changes in blood pressure.87 In a similar exper-
iment, high sodium consumption (5359 mg/day) for
7 days impaired cutaneous microvascular function inde-
pendently of blood pressure, compared to a low-sodium
diet (741 mg/day). Finally, a meta-analysis of 11 random-
ized controlled trials showed that sodium reduction of
w2000 mg/day lowered carotid-femoral pulse wave ve-
locity (PWV), the gold standard for noninvasive assess-
ment of arterial stiffness, by 2.8%.88 This improvement
in PWV appeared to be independent of changes in blood
pressure. The mechanism(s) responsible for the endothe-
lial dysfunction, microvascular impairment, and arterial
stiffening induced by high sodium intake is still incom-
pletely understood. However, it has been established

TABLE 22.3 Healthy dietary patterns for atherosclerotic cardiovascular disease (ASCVD) prevention and management, amounts to
include based on 2000 kcal/day.

Food group

Healthy US-style

eating pattern81
Healthy Mediterranean-style

eating pattern81
Healthy vegetarian

eating pattern81 DASH diet81

Vegetables 2½ c-eq/day 2½ c-eq/day 2½ c-eq/day 2e5 c/day

Dark green 1½ c-eq/wk 1½ c-eq/wk 1½ c-eq/wk e

Red and orange 5½ c-eq/wk 5½ c-eq/wk 5½ c-eq/wk e

Legumes (beans and peas) 1½ c-eq/wk 1½ c-eq/wk 3 c-eq/wk 2e2½ c/wk

Starchy 5 c-eq/wk 5 c-eq/wk 5 c-eq/wk e

Other 4 c-eq/wk 4 c-eq/wk 4 c-eq/wk e

Fruits 2 c-eq/day 2½ c-eq/day 2 c-eq/day 2e2½ c/day

Grains 6 oz-eq/day 6 oz-eq/day 6½ oz-eq/day 6e8 oz/day

Whole grains �3 oz-eq/day �3 oz-eq/day �3½ oz-eq/day e

Refined grains �3 oz-eq/day �3 oz-eq/day �3 oz-eq/day e

Dairy 3 c-eq/day 2 c-eq/day 3 c-eq/day 2e3 c/day

Protein foods 5½ oz-eq/day 6½ oz-eq/day 3½ oz-eq/day �6 oz/day

Seafood 8 oz-eq/wk 15 oz-eq/wk Not applicable e

Meat, poultry, eggs 26 oz-eq/wk 26 oz-eq/wk 3 oz-eq/wk (eggs) e

Nuts, seeds, soy 5 oz-eq/wk 5 oz-eq/wk 15 oz-eq/wk
(7 oz nuts/seeds, 8 oz soy)

6e7½ oz/wk

Oils 27 g/day 27 g/day 27 g/day 8e12 g/day

Limit calories from other sources
(% of calories)

270 kcal/day (14%) 260 kcal/day (13%) 290 kcal/day (15%) e

Saturated fat <8% or 18 g/daya <8% or 18 g/daya <8% or 18 g/daya <7%b

Added sugars <30 g/day (6%) <30 g/day (6%) <30 g/day (6%) w35 g/day

Sodium �2300 mg/day �2300 mg/day �2300 mg/day �2300 mg/day

aSFA estimates derived from ACC/AHA recommendations.82

bSFA estimates derived from DASH trial.83
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that sodium promotes oxidative stress by increasing the
generation of reactive oxygen species, which reduces ni-
tric oxide bioavailability, a potent vasodilator89 and antia-
therogenic agent.

Role of macronutrients in the onset of CVD

Dietary macronutrient composition affects CVD risk,
and because intake of single macronutrients cannot be
changed in isolation, current research focuses on how
macronutrient substitutions affect CVD risk.10,36,82 This
is principally because examinations of the relationships
between single macronutrients (fats, carbohydrate
[CHO], and protein) and CVD risk have yielded inconsis-
tent results since the associations observed are dependent
on what is used as the replacement macronutrient.90

Replacement analyses consistently show that isoca-
loric replacement of 5% of calories from saturated fatty
acids (SFAs) with PUFAs, monounsaturated fatty acids
(MUFAs), or whole grains reduces CVD risk by 25%,
15%, and 9%, respectively.90,91 In contrast, replacement
of SFAs with trans fat and refined grains/added sugars
does not change CVD risk. Isocaloric substitution of
5% of calories from refined grains/added sugars with
PUFAs, MUFAs, or whole grains lowers CVD risk by
22%, 5%, and 11%, respectively, with no risk reduction
observed for trans fat or SFA replacement.91 Thus,
replacement of SFAs with PUFAs appears to confer the
greatest CVD risk reduction.

Heterogeneity exists in the CVD risk conferred by
SFAs from particular food sources, which may be
because of the types of SFAs in the food sources or ef-
fects of the food matrix.92 Dairy is a rich source of SFA;
however, data from prospective cohort studies show
dairy has a favorable or neutral association with CVD
risk.93 Importantly, though, isocaloric replacement of
5% of calories from dairy fat with vegetable fat, PUFAs,
or whole grains lowers CVD risk by 10%, 24%, and 28%,
respectively.94 Replacement of 5% of calories from dairy
fat with other animal fat is associated with a 6% increase
in CVD risk. Thus, replacement of dairy fat with sources
of unsaturated fats or whole grains is preferable to lower
CVD risk, although consumption of dairy fat confers less
risk than other animal fats.

Intake of macronutrients principally affects CVD risk
by modulation of lipids and lipoproteins. Lowering
intake of SFAs is the primary target for CVD risk reduc-
tion because increased intake increases atherogenic
cholesterol levels, particularly LDL-C. Strong and consis-
tent evidence shows that replacing SFAswith PUFAs con-
fers the greatest LDL-C and TG lowering and minimizes
HDL-C reductions. Replacement of 5% of calories from
SFAs with PUFAs lowers LDL-C and TGs by approxi-
mately 9 and 2 mg/dL, respectively.10 In comparison,
replacement of 5% of calories from SFAs with MUFAs
or CHO lowers LDL-C by 6.5 and 6 mg/dL, respectively,
and increases TGs by 1 and 9.5 mg/dL, respectively. If

SFAs are replaced with CHO, whole grain sources should
be chosen, since whole grains confer greater LDL-C re-
ductions (3.5 mg/dL) compared with refined grains.95

Replacement of 5% of calories from SFAs with PUFA,
MUFA, or CHO lowers HDL-C by 1, 6, and 2 mg/dL,
respectively. To lower TG levels, replacement of CHO
with MUFA or PUFA is recommended; replacement of
5% of calories from CHOwith MUFA or PUFAwill lower
TGs by 6.7 and 9.3 mg/dL, respectively.96

With regard to individual SFAs, replacement of 1% of
calories from CHOwith lauric acid (C12:0), myristic acid
(C14:0), or palmitic acid (C16:0) increases LDL-C by 0.7,
1.7, and 1.4 mg/dL, respectively.96 In contrast, stearic
acid (C18:0) has a relatively neutral effect on LDL-C
and no change occurs when it replaces CHO. Tropical
oils, including coconut oil and palm oil, are sources of
the medium chain SFA (C12:0), and while they increase
LDL-C less than longer chain SFAs found in animal
products, the increases observed are greater than with
MUFA- or PUFA-rich food sources.97,98 Therefore, to
lower CVD risk, sources of SFAs should be replaced
with unsaturated fats including nontropical oils such
as those found in nuts and seeds.

Role of n-3 fatty acids (also known as omega-3 fatty
acids) in the onset of CVD

Plant-based n-3 fatty acids: a-linolenic acid; Evidence sug-
gests that higher intakes of the n-3 fatty acid, a-linolenic
acid (ALA), measured by self-reported dietary intake
methods and plasma/serum/whole blood biomarkers,
are associated with a modestly lower risk of CVD.99e101

Consistently, higher ALA intake is associated with
lower risk of fatal CHD.99,100 In a meta-analysis of five
prospective cohort studies, the relative risk of CHD
death was lowered by 10% per 1 g/day increase in
ALA.100 In addition, a Cochrane Collaboration sys-
tematic review of randomized controlled trials reported
that higher ALA intake was associated with a
nonsignificant 5%e10% reduction in CVD.102 The
mechanism(s) by which ALA may lower CVD risk is
incompletely understood; however, evidence shows
ALA does not directly affect lipids/lipoproteins but has
antiarrhythmic properties.90

Marine-derived n-3 fatty acids; Strong and consistent evi-
dence suggests that consumption of 1e2 servings/week
(3.5 oz./serving) of nonfried fish (especially types that
are high in long-chain n-3 fatty acids, such as
eicosapentaenoic acid [EPA] and docosahexaenoic acid
[DHA]) lowers the risk of CVD.103 There is mixed
evidence about whether n-3 supplements containing
EPA and/or DHA are beneficial for primary and
secondary prevention of CVD.104 Recently, three large
randomized controlled trials were completed, and an
updated meta-analysis that included these trials
and previously conducted studies (13 trials and
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127,477 participants) showed marine-derived n-3
supplementation was associated with significantly
lower risk of myocardial infarction, CHD death, total
CHD, CVD death, and total CVD.105 However, there are
currently no recommendations for use of supplemental
n-3 fatty acids for primary and secondary prevention of
CVD.

N-3 fatty acids have demonstrated efficacy for
lowering TGs. In patients with high (200e499 mg/dL)
or very high TG levels (>500 mg/dL), 4 g/day of pre-
scription n-3 fatty acids lowered TGs by 20%e30%
and�30%, respectively.106 In REDUCE-IT, a multicenter,
randomized, double-blinded, placebo-controlled trial in
patients with CVD or at high risk of CVD with statin-
controlled LDL-C but elevated TGs, 4 g/day of icosa-
pent ethyl (EPA in ethyl ester form) lowered TGs by
w14%. Furthermore, the risk of cardiovascular events
(CVD death, myocardial infarction, stroke, revasculari-
zation, or unstable angina) was reduced by 25%.107

This risk reduction is larger than would be expected
on the basis of TG lowering alone, suggesting other
mechanisms of action.

In addition to TG lowering, n-3 fatty acids (marine-
derived) have been shown to affect a number of factors
implicated in the etiology of CVD, including inflamma-
tion, thrombosis, arrhythmia, endothelial and autonomic
function, blood pressure, myocardial efficiency, and pla-
que stability suggestive of cardiovascular benefit.103,108

Summary: role of diet in onset of CVD

Poor diet quality is responsible for a substantial
proportion of CVD worldwide. While traditionally diet
and CVD risk has been viewed through an individual
nutrient lens, contemporary efforts are focused on
dietary patterns. The focus on dietary patterns reflects
the totality of the dietdspecifically the combinations and
quantities of foods and nutrients consumed.109

Importantly, dietary patterns account for the cumulative,
interactive, and synergistic effects of the many nutrients
and other dietary factors that contribute to human
health and disease risk.110 The greatest contributors to
poor diet quality related CVD are suboptimal intake of
fruits, vegetables, whole grains, seafood, nuts and seeds,
fiber, legumes, and PUFAs, with concurrent
overconsumption of sodium, added sugars, and SFAs.62

IV. PRIMARY NUTRITIONAL
TREATMENT MODALITIES

A. Dietary Patterns for Prevention of
Atherosclerotic Cardiovascular Disease

A healthy lifestyle is the foundation of ASCVD pre-
vention.36 A cornerstone of a healthy lifestyle is a healthy
dietary pattern. While there are many healthy dietary
patterns, they all have commonalities and shared

principles. In general, healthy dietary patterns are abun-
dant in fruits, vegetables, legumes, whole grains, nuts
and seeds, plant or lean animal protein, and fish. In addi-
tion, trans fats, sodium, processed meats, added sugars,
and sugar-sweetened beverages are limited. Research
has demonstrated that a healthy dietary pattern followed
throughout the life course will lower ASCVD risk to a
clinically significant extent. This is true for both individ-
uals with high genetic risk and those who do not have a
genetic predisposition. In an analysis of three large pro-
spective cohorts and one cross-sectional study, following
a healthy lifestyle (meeting at least three of the four
criteria [no smoking, not obese, regular physical activity,
and a healthy diet]) compared to an unhealthy lifestyle
(�1 of the four criteria) lowered risk of CAD by 46% in
individuals with high genetic predisposition; this is com-
parable to the risk reduction observed in individuals at
low genetic risk following a healthy lifestyle compared
to an unhealthy lifestyle (45%).111,112

Three eating patterns for general health and reducing
chronic disease risk were recommended in the 2015e2020
Dietary Guidelines for Americans: the healthy US-style
eating pattern, the healthy Mediterranean-style eating
pattern, and the healthy vegetarian eating pattern
(Table 22.3).81 These eating patterns were derived using
food pattern modeling and each meet the 2015e
2020 US Dietary Guidelines food-based and nutrient
recommendations.

DASH diet

The DASH dietary pattern is rich in fruits, vegetables,
and low-fat dairy, is low in saturated fat, and is high in
calcium, potassium, and magnesium (Table 22.3). A
recent umbrella review of systematic reviews and meta-
analyses, including 15 prospective cohorts and 31
controlled trials, found decreased incidence of CVD
(RR 0.80, 95% CI:0.76e0.85), CHD (0.79, 95% CI:
0.71e0.88), and significant reductions in both systolic
blood pressure (SBP) (mean difference ¼ �5.2 mmHg,
95% CI: �7.0 to �3.4) and DBP (�2.60 mmHg, 95% CI:
�3.50 to �1.70) with consumption of the DASH dietary
pattern (both with and without reductions in sodium).75

In the original clinical trial, the DASH diet
(w3000 mg/day sodium) lowered SBP �5.5 mmHg
and DBP �3.0 mmHg in all populations compared to
the typical American diet (also held to w3000 mg/day
sodium) with greater reduction in minority groups but
no differences between sexes.83 Individuals with stage
1 hypertension (SBP: 130e139 or DBP: 80e89 mmHg)
had the greatest blood pressure reductions (SBP:
�11.4 mm Hg and DBP: �5.5 mmHg) compared to
normotensive individuals (SBP: �3.5 mm Hg and
DBP: �2.1 mm Hg) when consuming the DASH diet.83

Furthermore, there were significant reductions in total
cholesterol (�13.5 mg/dL) and LDL-C (�10.8 mg/dL)
in the DASH diet group with no significant differences
by race or baseline lipid levels.113
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In the DASH Sodium Trial, compared with a typical
American diet the DASH diet significantly lowered
blood pressure at three sodium levels (1150, 2300, and
3450 mg/day), with more significant reductions in the
lowest sodium group.114 A recent systematic review
and meta-analysis of randomized controlled trials
including 20 articles (and 1917 participants) estimated
that the DASH diet reduced CVD risk by 13%, based
on the blood pressure and lipid/lipoprotein improve-
ments observed with the DASH diet, which were inde-
pendent of differences in dietary sodium intake.115

Mediterranean diet

TheMediterranean diet refers to the traditional dietary
patterns of the countries that border the Mediterranean
Sea.While there are somedifferences by country or region,
these diets are rich in olive oil, vegetables, fruits, nuts, le-
gumes, seafood, and whole grains with lower intakes of
processed meats, red meats, dairy, and added sugar (Ta-
ble 22.3). This dietary pattern generally has a higher
monounsaturated fatty acids/polyunsaturated fatty acids
to saturated fatty acids ratio (MUFA/PUFA: SFA) because
it is low in saturated fat and higher in unsaturated fats.

Observational cohort studies such as the Nurses
Health Study116 showed a 22% lower CVD risk (CHD
and stroke) andw40% reduced risk of a fatal CVD event
in women with higher adherence to a Mediterranean di-
etary pattern compared to women with the lowest
adherence.116e118 A recent systematic review and meta-
analysis of 29 observational studies showed reduced
risk of CVD in those following a Mediterranean diet:
the pooled RR for those with the highest compared to
lowest Mediterranean diet score for CHD/acute
myocardial infarction based on 11 studies was 0.70
(95% CI: 0.62 to 0.80), for unspecified stroke based on
six studies 0.73 (95% CI: 0.59 to 0.91), and ischemic
stroke based on five studies 0.82 (95% CI: 0.73 to 0.92).119

PREDIMED (discussed previously), a large clinical
trial conducted in Spain, assessed the effects of the Med-
iterranean diet supplemented with extra virgin olive oil
(�50 g/day) or with mixed nuts (30 g/day [15 g wal-
nuts, 7.5 g hazelnuts, and 7.5 g almonds]) compared to
a control lower fat (<30% of calories) diet on CVD events
in high-risk individuals >55 years at onset of the study.
The primary endpoint of total cardiovascular events (a
composite of MI, stroke, and death from CVD causes)
was lower in the intervention groups after approxi-
mately 5 years of follow-up. The hazard ratio for the
olive oil group compared to the lower fat group was
0.69 (95% CI: 0.53 to 0.91) and for the nut group
compared to the lower fat diet 0.72 (95% CI: 0.54 to
0.95), demonstrating that a Mediterranean-style eating
pattern, supplemented with extra virgin olive oil or
mixed nuts, compared to the control diet, reduced
CVD risk.73 Significant reductions were observed in fast-
ing glucose, blood pressure, and total cholesterol in both
intervention groups compared to the lower fat group.

Overall, there was an approximate 30% reduction in
risk of major cardiovascular events for individuals
following the Mediterranean diet.73 Furthermore, a
meta-analysis of 27 prospective cohort studies and clin-
ical trials showed an 11% relative risk reduction in CVD
outcomes for each two-point increase in adherence to a
Mediterranean diet (on a nine-point scale).117 The results
of these studies show consistent benefits of a Mediterra-
nean dietary pattern on CVD risk reduction.

Vegetarian diet (includes vegan)

Vegetarian diets are characterized by fruits, vegeta-
bles, whole grains, nuts, legumes, and seeds. A vegan
diet excludes all animal products, notably meat, eggs,
dairy, and fish, but for some, also animal-derived ingre-
dients (e.g., honey, gelatin, whey, etc.), while the pesco-
vegetarian diet includes fish, but not meat.81 A lactoovo
vegetarian diet includes eggs and dairy, but no meat or
fish,81 with other variations depending on beliefs and
preferences, such as a flexitarian diet or semivegetariane
mainly a vegetarian diet with occasional incorporation of
meat and fish. Individuals following a healthy vegetarian
diet will also likely have higher intakes of fiber and unsat-
urated fat, both MUFA and PUFA, with decreased SFA,
cholesterol, and sodium, compared to a typical American
diet.120 However, care must be taken to ensure vege-
tarian/vegan diets are appropriately planned and nutri-
tionally adequate.121

Epidemiologic evidence shows decreased risk of
CVD with consumption of healthy vegetarian eating
patterns compared to a typical American diet. A North
American cohort of Seventh-day Adventists consuming
a vegetarian diet had a standard mortality ratio of 0.74
(95% CI: 0.63 to 0.88) for ischemic heart disease (IHD)
when compared to nonvegetarians and overall lower
all-cause mortality (HR: 0.88 [95% CI: 0.80 to 0.97]).122

While questions about the impact that other lifestyle fac-
tors related to Seventh-day Adventist philosophy may
have on such metrics, a systematic review and meta-
analysis of prospective cohort studies comparing vege-
tarians to nonvegetarians estimated a 29% reduction in
mortality from IHD.123 Furthermore, vegetarian diets
are associated with more desirable lipid and lipoprotein
levels when compared to a poor-quality American diet.
A recent systematic review and metaanalysis of 30
observational and 19 intervention trials compared
vegetarian-style diets with omnivorous diets;
vegetarian-style diets were associated with lower total
cholesterol (�29.2 and �12.5 mg/dL) and LDL-C
(�22.9 and �12.2 mg/dL) in the observational studies
and in the clinical trials, respectively.124

The 2015e2020 Dietary Guidelines for Americans
include a healthy vegetarian-style eating pattern (see
Table 22.2). The importance of following a healthy
plant-based diet (rich in fruits/vegetables, whole grains,
nuts/legumes) compared to an unhealthy plant-based
diet (high in sugar-sweetened beverages, refined grains,
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and sweets) is highlighted in recent analyses from large
prospective cohorts in the United States.125 Using an
assessment instrument and assigning diet scores for de-
gree of dietary alignment with different plant-based di-
ets, greater adherence to a healthy plant-based diet was
inversely associated with CHD (HR: 0.75, 95% CI:
0.68e0.83); however, an unhealthy plant-based diet
was associated with greater risk of CHD (HR: 1.32,
95% CI: 1.20e1.46). Thus, these findings indicate that
following a healthy vegetarian diet, such as the USDA’s
healthy vegetarian diet81 that includes recommended in-
takes of macro- and micronutrients (which can be inad-
equate or in excess if following a low-quality vegetarian
diet), decreases risk of CHD.

B. Dietary Guidance in the Management of
ASCVD

Ahealthydietarypattern is essential in themanagement
of ASCVD risk, regardless of pharmacotherapy.10 The
healthy dietary patterns discussed in the previous section
are appropriate for management of ASCVD10,36,38,82; how-
ever, additional specific recommendations are important
for the management of dyslipidemias and hypertension.
These recommendations focus on weight management
and the addition of specific nutrient targets for those
with dyslipidemia or hypertension. Additionally, referral
to a Registered Dietitian Nutritionist (RDN) is recommen-
ded to increase adherence to a healthy dietary pattern.

To lower elevated LDL-C (and non-HDL-C)

• Adopt saturated fat (SFA) intake goal of <7% of total
energy (<15 g or 140 kcal based on a 2000 kcal/day
diet).10 A greater reduction of SFA intake to 5%e6%
of total energy results in further LDL-C lowering.82

Currently, the average intake of SFA in the United
States is w11%126 and reducing intake to <7% is
expected to lower LDL-C by up to 10%.127 To achieve
the SFA goal, recommendations are to replace dietary
SFA with MUFA/PUFA and/or whole grains.10 To
reduce intake of SFA, choose lean cuts of meat and
low- or no-fat dairy, avoid processed meats, and
choose nontropical vegetable oils.

• Consume 5e10 g of viscous, or soluble, fiber daily
reduces LDL-C by 3%e5%.10 To achieve LDL-C
lowering, individuals following a 2000 kcal/day
Healthy US-Style eating pattern should consume 31 g
of fiber/day128 with 5e10 g being viscous fiber. Good
sources of viscous fiber include legumes, oats, fruits
(e.g., oranges and apples), and vegetables (e.g.,
broccoli and Brussels sprouts).

• Achieve a clinically meaningful weight loss of�5% of
initial body weight.36 A systematic review of 13
studies demonstrated that weight loss of 10 kg was
associated with w9 mg/dL reduction in total
cholesterol and w8 mg/dL reduction in LDL-C.129

To manage hypertriglyceridemia

• Intensive lifestyle change can lower TG levels
by as much as 50% in individuals with
hypertriglyceridemia.130 Interventions vary based
on severity of hypertriglyceridemia (moderate
hypertriglyceridemia: 150e499 mg/dL (fasting or
nonfasting); severe hypertriglyceridemia:> 500 mg/
dL (fasting); suspected cause such as uncontrolled
diabetes mellitus, enzyme deficiency, or
medications; and risk of pancreatitis.10

• Intake of added sugars should be limited to <10% if
TG <500 mg/dL or <5% if TG >500 mg/dL of total
energy and would be expected to lower TG by 10%
e25%.10,131e133 The primary sources of added sugars
in the American diet are sugar-sweetened beverages,
baked goods, and desserts including candy.134

• Major sources of refined grains are white bread,
pasta, processed breakfast cereals, snack/meal bars,
and white rice; they should be replaced with fiber-
rich whole grains.

• Consumption of alcohol should be reduced when
TGs are 150e500 mg/dL or eliminated if TGs are
>500 mg/dL,135 especially in obese individuals to
reduce the risk of pancreatitis.10,82 Consuming 30 g of
ethanol, orw2 standard drinks105 per day, is expected
to increase TG by 6 mg/dL.136

• Intake of 1e4 g/day n-3 fatty acids from EPA and
DHA has been shown to lower TG 3%e45%
depending upon baseline TG levels and the quantity
of n-3 fatty acids consumed.10 The recommended
intake for individuals with high TG (200e499 mg/
dL) and very high TG (�500 mg/dL) is 4 g/day of
prescription EPA or EPA þ DHA.106 This dose may
confer w20%e30% reduction in patients with high
TG and �30% reductions in patients with very high
TG.106 The available evidence indicates that just 10%
of Americans consume 0.5 g of EPA þ DHA per day
from diet,137 which is the population-based dietary
recommendation issued by the Academy of Nutrition
and Dietetics.138 Over-the-counter fish oil
supplements are available; however, prescription
capsules contain higher amounts of EPA and DHA
and are necessary to obtain these higher therapeutic
doses recommended for the treatment of
hypertriglyceridemia.81

• Weight loss of 5%e10% is recommended for
individuals who are overweight or obese to reduce
TG.10 Reductions of 5%e15% of body weight are
associated with 20%e30% reductions in TG.

To decrease hypertension

• Lower body weight; a meta-analysis of 25
intervention trials reported a �4.44 mmHg reduction
in SBP and �3.57 mmHg reduction in DBP with a
mean weight loss of 5.1 kg, but greater weight loss
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was associated with greater BP improvements.139 For
individuals with a BMI >25 kg/m2 and elevated BP
or hypertension, weight loss is recommended.

• Consume a DASH diet which has been shown to
lower SBP w11 mmHg and DBP w5 mmHg in
individuals with hypertension.83

• Sodium should be reduced if daily consumption
exceeds 2300 mg/day.85 Reducing sodium by
1000 mg/day with an optimal goal ofw1500 mg/day
may lower SBP 5e6 mmHg.38 To achieve this goal, a
low sodium DASH dietary pattern is recommended.
Approximately 70% of sodium consumed is added
outside the home140; therefore, care should be taken
to select lower sodium foods based on the Nutrition
Facts Panel, and lower sodium options should be
selected when eating out.

• Dietary sources of potassium should be increased
with a goal of >2600 mg.85 Intake of 3500e5000 mg
may lower SBP by 4e5 mmHg.38 Consuming a diet
abundant in fruits and vegetables such as the DASH
diet will aid in achieving increased potassium intake
with reductions in dietary sodium intake.

Overweight and obesity

• In patients who are overweight or obese, weight loss
is recommended to reduce ASCVD risk.11,36,38 To
achieve weight loss, negative energy balance is
required; an approximate calorie deficit of 500 kcal/
day is expected to result in weight loss of one pound

per week. Weight loss of as little as 3%e5% of body
weight can result in clinically meaningful
improvements in ASCVD risk factors.141

• Current evidence does not define one diet or a “best
diet” that patients should be counseled on to decrease
energy intake.141 Therefore, for a prescribed daily
calorie deficit, a number of dietary approaches can be
implemented to achieve weight loss, including the
dietary patterns outlined in the previous section or
diets with specific targets for macronutrients
(carbohydrate, fat, protein) (see Chapter 9, Eating
Behavior and Strategies to Promote Weight Loss and
Maintenance).

Role of the Registered Dietitian Nutritionist

Adherence to a healthy dietary pattern is critical for
the management of ASCVD. The current guidelines for
prevention of CVD, management of dyslipidemia, and
management of hypertension recommend a team-based
health care approach, and central is the involvement of
a RDN.10,36,38 Patients may see improvements in total
cholesterol, LDL-C, and TGwith only two to fourmedical
nutrition therapy sessions with a RDN.142 Additionally,
such therapy sessions are associated with reduced need
for pharmacotherapy interventions for dyslipidemia
and better LDL-C lowering outcomes.142,143 Overall,
working closely with an RDN may increase adherence
to a heart-healthy diet, improve CVD risk factors, and
help maintain weight loss.

RESEARCH GAPS

• The crucial role of diet in the prevention of CVD is established beyond doubt. Despite the strong evidence of
the benefits of healthy dietary patterns, the diet quality gap for all population groups has not tangibly closed
(i.e., what people are eating vs. what they should be eating). The daunting challenge that lies ahead is to
identify population-based strategies that elicit measurable improvements in diet quality.

• As recently recommended by Anderson et al.144 to enable healthier food choices consistent with ideal
cardiovascular health, the following are critically needed:
• healthy and innovative system-level approaches that improve food consumption behaviors on an

individual and on a population basis,
• stronger industry and community efforts, and
• policies aligned with evidence-based recommendations.

• There is a pressing need for research to identify effective system-level approaches that markedly improve diet
quality.

• There is a need to improve the understanding of how to more precisely characterize dietary patterns by their
food constituents and the implications of the food constituents on nutrient adequacy through the use of Food
Pattern Modeling; more precise characterization, particularly of protein foods, is needed.81

• Effective strategies that individualize and align one of the recommended healthy dietary patterns to an
individual’s culture and food preferences are needed to increase the probability of long-term adoption of a
healthy dietary pattern that improves CVD health.
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SUMMARY

In this chapter, we discuss disorders of the gastrointestinal track from 2 aspects, firstly from the
perspective of the impact diseases and disorders on digestion and absorption, and secondly from the
influence of diet and nutrition on diseases and disorders themselves. Nutritional considerations and risks
for specific deficiencies are discussed in detail in the setting of bariatric surgery, exocrine pancreatic
insufficiency and for functional gastrointestinal disorders. This effects of the diet and nutrition on disease
processes as well as from therapeutic aspects for conditions including gastroesophageal reflux, eosino-
philic esophagitis, celiac disease, inflammatory bowel disease and for functional gastrointestinal disor-
ders are also discussed.

Keywords: Celiac Disease; Eosinophilic esophagitis; Exocrine pancreatic insufficiency; Functional Gastrointes-
tinal Disorders; Gastroesophageal reflux; Inflammatory Bowel Disease.

I. INTRODUCTION

In this chapter, we review disorders involving the
alimentary tract. We will specifically focus on the nutri-
tional aspects of etiology as well as management of these
disorders. Selected examples are used to highlight the
roles of each part of the alimentary tract in the digestion
and absorption of nutrients. Comprehensive discussion
of disorders is beyond the scope of this chapter.

Disorders of the alimentary tract pertinent to diges-
tion and absorption can be organized by anatomical as-
pects as well as from a functional perspective (Fig. 23.1).
The entire gastrointestinal tract acts in concert in the
digestion and absorption of nutrients, as exemplified
by vitamin B12 (Fig. 23.2). Specific diseases also

encompass the entirety of the GI tract from a digestive,
absorptive, and nutritional perspective, with cystic
fibrosis (CF) being the example. Overall, nutrition plays
a key role in pathogenesis and management of gastroin-
testinal disease and will be discussed accordingly. It
additionally may help define the relationship between
metabolomics, the gut microbiome, and health.

II. ESOPHAGEAL DISORDERS

Although the esophagus plays a minor role in the
digestion and absorption of nutrients, esophageal disor-
ders can be managed with nutritional therapy. Prime ex-
amples are gastroesophageal reflux disease (GERD) and
eosinophilic esophagitis (EoE).
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A. Gastroesophageal Reflux Disease

GERD is a common gastrointestinal disorder defined
by troublesome symptoms secondary to increased
esophageal acid exposure.1 The disease occurs in the
setting of an incompetent gastroesophageal barrier,
which is composed of the lower esophageal sphincter
(LES), angle of His, and crural diaphragm.2 Risk factors
include smoking, central adiposity, and medical condi-
tions that slow gastrointestinal motility.3 GERD can
lead to esophageal and extraesophageal symptoms,

mucosal disease, and esophageal dysmotility.4 Lifestyle
factors are implicated and are considered first line ther-
apy in addition to acid suppression medications such as
hydrogen receptor antagonists and proton pump inhib-
itors (PPIs). Considering adverse effects associated with
PPIs including increased risk of infections, kidney
dysfunction, and changes in micronutrient absorption
(i.e., B12, iron, and calcium), nonpharmacological thera-
pies are often preferred by patients and providers.5

Although cessation of smoking and weight loss are pri-
mary intervention targets, the role of dietary therapy

FIGURE 23.1 The alimentary tract: organs, secretion, and absorption.

FIGURE 23.2 Vitamin B12: digestion and absorption.
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continues to be explored. Late night eating patterns and
increased size and/or caloric density of meals have been
linked to worsening GERD symptoms.6e8 Specific foods
may also be related, although evidence remains sparse
to make definitive recommendations. For example, pa-
tients are often instructed to avoid acidic or carbonated
beverages, spicy foods, caffeine, chocolate, mint, and
alcohol to control symptoms. Proposed mechanisms of
disease include direct esophageal mucosal irritation
(acid, spice), increased gastric distention (carbonation),
and reduction in LES tone (caffeine, chocolate, mint,
alcohol).4 More recently, macronutrient manipulation
has been studied, with some research supporting reduc-
tion in overall fat and simple sugar intake in favor of fi-
ber and protein.9

B. Eosinophilic Esophagitis

EoE is an increasingly common allergic disease
defined by characteristic inflammatory changes in the
esophagus, which may lead to fibrosis and swallowing
dysfunction.10 Pathogenesis includes environmental
stimuli like food allergens and antibiotics as well as ge-
netic predisposition. The condition occurs most
commonly in young males with history of atopic dis-
eases, though it can develop in any age group or sex.11

Cornerstones of therapy include acid blockers (specif-
ically PPI), oral glucocorticoids, endoscopic dilations for
strictures, and dietary manipulation. Depending on
approach, dietary therapy can be as equally efficacious
as steroids and has fewer adverse effects. The three
most common dietary interventions are the use of com-
mercial elemental diets (ELED), six food elimination diets
(SFED), and allergen-directed diets.12 ELED is the most
effective option, resolving eosinophilic-predominant
inflammation in 90% of patients; however, this approach
is rarely used in adult patients secondary to poor tolera-
bility associated with tube feed use.13,14 SFED is also
effective, boosting histological remission rates in 68%
e76% of patients, and is easier to implement. This diet re-
quires complete elimination of the six most common food
allergens (wheat, soy, dairy, eggs, nuts/tree nuts, and
fish/shellfish) with sequential reintroduction to identify
triggers.14,15 Newer research shows up to half of patients
may respond to elimination of only four food groups
(wheat, soy, dairy, and eggs), indicating optimal treat-
ment approaches are still unknown.16 The least effective
dietary approach is allergen-directed therapy, which re-
lies on skin prick and allergy patch testing to identify
culprit foods. Although initially promising and less
restrictive than other options, allergen-directed therapy
has lower reported rates of histological remission ranging
from 13% to 77%.17e20 Additionally, long-term restrictive
diets are challenging for patients to follow.

III. GASTRIC DISORDERS

The stomach plays an important role in the mechanical
and enzymatic digestion of food. It also contributes
intrinsic factor to aid vitamin B12 absorption. Therefore,
gastric disorders may affect digestion and absorption of
nutrients in a variety of ways. For example, inflammation
of the proximal gastrointestinal tract (including the stom-
ach) can present with protein-losing enteropathy (PLE) as
seen in Ménétrier disease and Crohn’s disease.21 The eti-
ology of PLE can include primary GI diseases including
erosive gastrointestinal disorders, nonerosive gastrointes-
tinal disorders, and disorders involving increased central
venous pressure or mesenteric lymphatic obstruction.21,22

Bariatric surgery presents a goodmodel to understand
and appreciate the impact of surgical modifications in
nutrition and calls attention to management of disease.

A. Bariatric Surgery

Bariatric surgery presents a good model to under-
stand and appreciate the impact of surgical modifica-
tions in nutrition and calls attention to management of
disease.

Nutritional considerations in bariatric surgery

Weight loss surgeries (WLS) modify the gastrointestinal
tract by restricting caloric intake, reducing absorption of
nutrients, and altering hormonal secretion of anorexic
and orexigenic hormones.23 These samemechanisms lead-
ing to successful weight loss can also result in nutritional
derangements. There are four major surgical procedures
that are currently utilized in adults: the Roux-en-Y gastric
bypass (RYGB), the laparoscopic adjustable gastric band
(LAGB), the vertical sleeve gastrectomy (VSG), and least
commonly the biliopancreatic diversion with duodenal
switch (BPD/DS). Only RYGB and VSG are FDA
approved for use in adolescents.24 Patients with obesity
or a bodymass index (BMI � 30) often havemicronutrient
deficiencies prior to surgery, and the current recommenda-
tion is to screen and supplement when indicated.25,26 The
most common preoperative micronutrient deficiencies
include vitamin D (25OH < 75 nmol/L) 92%, folate
(<5.3 mg/mL) 63%, iron (ferritin <15 mg/L) 10%, vitamin
A (<1.05 mmol/L) 6.2%, and vitamin B12 (<188 pg/mL)
5.1%.25,27 Understanding surgical alterations to the gastro-
intestinal tract and their effects on the absorption of mac-
ronutrients andmicronutrients is important to predict and
avoid deficiencies (Table 23.3).

Roux-en-Y gastric bypass (Fig. 23.3);Until 2011, the laparo-
scopic RYGBwas themost commonly performed surgery
in the United States in adults and adolescents.28 The
RYGB involves the creation of a small gastric pouch
(20e30 mL) with a small outlet that results in early
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satiety. This pouch is anastomosed with a roux limb of
distal jejunum. The fundus of the stomach, the entire
duodenum, and about 40 cm of proximal jejunum is
bypassed. The standard Roux limb is 100 cm. The surgery

on average achieves 20%e30% total body weight loss
or 65%e70% of excess weight loss. Excess weight is
defined as weight that exceeds the ideal body weight
(BMI 25 kg/m2).23

FIGURE 23.3 Restrictive and mixed restrictive-malabsorptive bariatric procedures. (A) Laparoscopic band (restrictive). (B) Sleeve gas-
trectomy (restrictive). (C) Roux-en-Y gastric bypass (mixed restrictive and malabsorptive). (D) Biliopancreatic diversion with duodenal switch
(mixed restrictive and malabsorptive).
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The RYGB anatomy increases the risk for micronu-
trient deficiencies including vitamins B12, A, D, E, K,
and B6, thiamine, zinc, folate, and copper. The creation
of a gastric pouch also results in parietal cell dysfunction
leading to reduced secretion of intrinsic factor, and sub-
sequent vitamin B12 deficiency. Bypass of the duodenum
results in fat-soluble vitamins (A, D, E, K), malabsorp-
tion, and most commonly vitamins D and A. Blood thia-
mine, iron, calcium, and folate levels may also be

affected due to reduced duodenal absorption. Reduction
in jejunal length affects blood zinc and vitamin B6. The
American Society for Metabolic and Bariatric Surgery
recommends screening and correcting micronutrient de-
ficiencies prior to RYGB and VSG.26 Presurgery
screening includes thiamine, complete blood count,
vitamin B12, (B12 levels and methyl malonic acid), folate,
iron (ferritin, iron, total iron-binding capacity [TIBC]),
calcium, fat-soluble vitamins (A, D, E, K), zinc, and cop-
per (copper and ceruloplasmin).23,29

Laparoscopic adjustable gastric band; The LAGB is the least
invasive of the bariatric surgical procedures and was his-
torically the most common procedure performed in.
More recently, adverse outcomes have limited its use,
and as of 2016, this procedure accounted for <3.5% of
WLS performed.30 This procedure was designed to
recreate the restrictive element of the RYGB surgery. A sil-
icone inflatable band is placed around the uppermost
stomach to create a small pouch (20e30 mL) with a nar-
row outlet. Gastric restriction can be adjusted via saline
injections into a subcutaneous reservoir. The stomach is

TABLE 23.2 Nutrient absorption and affected bariatric surgeries.

Stomach Duodenum Jejunum Ileum

• VSGa, RYGBb, BP/DSc • RYGB, BP/DS • RYGB
• BP/DS

Water *Calcium *Calcium Vitamin C

Ethyl alcohol *Iron *Iron Folate

*Zinc

Copper Phosphorus Phosphorus Vitamin B12
d

Iodide Magnesium Magnesium Vitamin D

Fluoride Copper Copper Vitamin K

Molybdenum Selenium Magnesium

Thiamin Thiamin Bile salts/acids

Intrinsic factor Riboflavin Riboflavin

HCLe Niacin

Biotin Biotin

Folate Folate

Vitamins A, D, E, K Vitamins A, D, E, K

Vitamin B6

Manganese

Molybdenum

Amino acids

avertical sleeve gastrectomy
bRoux-en-Y gastric bypass
cbiliopancreatic biliodiversion
dSG, RYGB, BP/DS affected secondary to decreased intrinsic factor production

* Requires HCL for absorption.

Adapted from Shikora S. 2007.23

TABLE 23.1 Common sources of gluten: dietary and nondietary.

Gluten-Containing
grains

Rye, wheat (Bulgur,
Durum, Einkorn, Emmer,
Farro, Farina, Kamut,
Semolina, Spelt, Kamut,
Khorasan), barley

Hidden food gluten
sources

Beer, food coloring, malt,
soy sauce, dressings, starch,
processed meats, soups

Nonfood gluten
sources

Cosmetics, toothpaste,
medications, sunscreens
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not cut or stapled, and no anastomoses are made.23 It is
important to note that there are no hormonal alterations
with this procedure. Thus although there is restriction,
there is no subsequent changes in the counter effects of
hunger and satiety that are seen with other procedures.
Reasons for decreased use include inadequate weight
loss or weight regain and complications like dysphagia,
chronic emesis, band slippage, and gastric and esopha-
geal tissue erosion leading to high rates of surgical revi-
sions (33%e65%).31,32

Nutritional deficiencies do not occur as commonly
with the LAGB aswith other bariatric procedures as there
is no change in nutrient absorption. However, some
patients may develop deficiencies from decreased con-
sumption and complications like prolonged vomiting.

Reported deficiencies with vomiting include thiamine,
vitamin B12, and iron.23

Vertical sleeve gastrectomy; The VSG is themost commonly
performed surgery in adults and adolescents and involves
a 60%e75% irreversible gastrectomy.28,30 Weight loss ef-
fects are from restriction of gastric content, decrease in
production of the appetite stimulating hormone ghrelin,
and decreased production of the appetite suppressing
hormone GLP-1 and peptide YY. VSG was originally
conceived in 2002 as the first stage of a two-stage
operative approach for high-risk patients undergoing
BPD/DS or RYGB. It was thought a two-stage approach
would confer the advantages of technical facility, shorter
operative times, and interval weight loss between

TABLE 23.3 Supporting evidence for proposed IBD structured diets.

Diet Description Supporting evidence

Exclusive enteral nutrition
(EEN)184e186,189e192

Polymeric, semielemental, or
elemental formula taken as the
sole source of nutrition.

Multiple prospective studies
support the use of EEN for
• induction of remission
• mucosal healing
• growth impairment in

pediatric Crohn’s.

Effective for maintenance of
remission in adult Crohn’s.

Partial enteral nutrition (PEN)194 Same as EEN, except that formula
is not the exclusive source for
nutrition.

Retrospective and prospective
studies support the use of PEN for
induction of remission and
maintenance therapy in pediatric
CD.
Amount of nonformula varies
across studies for induction and
maintenance of remission.

Specific carbohydrate diet
(SCD)217

Allows for consumption of
monosaccharides but not di-,
oligo-, and polysaccharides

Limited evidence. Small
retrospective study demonstrated
improved clinical disease activity
scores. Small prospective study
showed improvement in mucosal
healing.

IBD antiinflammatory diet218 Multiple-phase diet derived from
the SCD. Certain carbohydrates
and fats are restricted, and intake
of pre- and probiotics is
encouraged.

Limited evidence; small
retrospective case series of adult
subjects with IBD demonstrated
improvement in disease activity
scores.

Crohn’s Disease exclusion
diet219,220

Structured diet that reduces or
eliminates exposure to animal
fats, dairy products, gluten, and
processed foods.

Limited evidence; retrospective
study demonstrated
improvement in disease activity
and mucosal healing in adult and
pediatric Crohn’s.
Has been used in conjunction
with PEN.

Semivegetarian diet221 Diet containing fruits, vegetables,
dairy, and eggs with limited fish
and meat.

Limited evidence. Prospective
study showed improvement in
symptom-based remission
compared to free diet.

Modified from198.

Section C. Clinical Nutrition

23. NUTRITION AND GASTROINTESTINAL DISORDERS418



stages, which in turn would result in decreased morbidity
in this high-risk group. The VSG gained popularity as a
stand-alone procedure secondary to improved tolerance
and reduced complications in comparison to RYGB and
LABG.26 Nutrition deficiencies can be seen as early as
4 months (protein, vitamin D), with greatest decreases
seen 12 months postoperatively (vitamin B12, folate,
calcium, vitamin D).27

Bileopancreatic diversion with duodenal switch; BPD/DS in-
volves (1) the removal of 80% of the stomach leaving a
tubular pouch (a sleeve gastrectomy), (2) transection of
the small intestine halfway between the ligament of Treitz
and the ileocecal valve, (3) a RYGB from the stomach
pouch to the distal bowel loop creating an alimentary
limb, and (4) a biliopancreatic limb anastomosed with
the alimentary limb 50 cm before the ileocecal valve.33

The BPD/DS results inweight loss through the restriction
of food consumption, malabsorption of fat, carbohy-
drates, and protein, and alterations in hormonal regula-
tion. The creation of a gastric sleeve results in the
restrictive effects. The bypass of the duodenum and
jejunum and disconnect with pancreatic juices results in
malabsorption of carbohydrate, fat, and protein.23 The
BPD/DS is the most extensive bariatric procedure, with
the most postoperative complications and nutrition defi-
ciencies that have led to infrequent use.

Nutritional deficiencies

Macronutrients;Macronutrient alterations are most prev-
alent in RYGB and BPD/DS. Malabsorption of carbohy-
drate and fat occurs as a result of bypass of the
duodenum. Protein malabsorption occurs mainly in
BPD/DS (21%), but it can be seen in RYGB (13%) and
less commonly in VSG and LABG secondary to reduced
dietary intake.34 Patients with decreased dietary con-
sumption of protein or who have prolonged vomiting
have increased risk of protein malnutrition. Prevention
requires a protein intake of at least 1.1 g/kg of ideal
body weight or 60e120 g/day.34 Dietary protein is
important for satiety, energy expenditure, and wound
healing, and an intake of greater than 60 g/day has
been associated with a preservation of lean body mass
after WLS.35 For this reason, it is important to monitor
protein intake through dietary tracking and protein
stores (albumin and prealbumin) after any WLS.

Micronutrients

Fat-soluble vitamins: Fat-soluble vitamin deficiencies
are most prevalent in RYGB and BPD/DS secondary to
delayed mixing of dietary fat with pancreatic enzymes
and bile salts leading to fat malabsorption and maldiges-
tion.36 Vitamin A deficiency is seen after RYGB in 10% of
patients within 4 years of surgery. Vitamin E deficiency
is rarely encountered with screening and usually presents
without clinical manifestations. Vitamin K deficiency is

mainly seen after BPD/DS, occurring in 50%e70% of pa-
tients within 2e4 years of surgery.36 Vitamin D deficiency
is seen within the first 4 months after all WLS with the
lowest levels in thosewhowere deficient prior to their pro-
cedure. Decreased sun exposure leading to decreased
intrahepatic circulation of vitaminD can occur. Low serum
vitamin D levels may contribute to calciummalabsorption
and deficiency resulting in a secondary hyperparathyroid-
ism. This causes release of calcium from bone and in-
creases risk for bone loss.36 Therefore, a bone density
scan is recommended at 2 years postsurgery.37

Water-soluble vitamins Thiamine (vitamin B1) defi-
ciency can be seen after all WLS types. Thiamine defi-
ciency occurs in the setting of decreased wholegrain
consumption (AGB, VSG, RYGB, BPD/DS) and/or
decreased absorption in the duodenum and jejunum
(RYGB, BPD/DS).36 This deficiency presents in the first
1e3 months after surgery, usually with prolonged
nausea and vomiting. It can also present with peripheral
neuropathy (dry beriberi), neuropsychiatric symptoms
(encephalopathy), unstable gait (ataxia), eye changes
(opthalmoplegia), confusion, and rarely high-output
heart failure (wet beriberi).36

Folate is absorbed throughout the gastrointestinal tract,
but decreased intake of green leafy vegetables increases
the risk of this deficiency in all WLS.27,36 Vitamin B12 is
absorbed in the terminal ileum (TI), but this requires
gastric acid, intrinsic factor, and pancreatic proteases to
be effectively absorbed. Meat intolerance, aversion, and
prolonged vomiting can increase the risk of deficiency.
Vitamin B12 deficiency is seen in 18%e22% of patients
after SG and BPD/DS and 60% after RYGB.36 Screening
with serum methyl malonic acid is the most sensitive
means of detection with concentrations >500 nmol indic-
ative of vitamin B12 deficiency. Vitamin B6 is absorbed in
the jejunum and requires riboflavin, niacin, and zinc for
its metabolism. Folate and carnitine require vitamin B6

as a cofactor for their metabolism.38

Trace minerals Iron is the most common micronu-
trient deficiency after bariatric surgery. Iron is generally
well-absorbed in the duodenum and jejunum, but only
in the presence of sufficient gastric acid. Iron deficiency
is seen in 30% of RYGB and VSG patients within 5 years
after surgery using serum ferritin as the biomarker.34

Zinc is absorbed in the jejunum in the presence of suf-
ficient gastric acid; therefore, deficiency is mainly seen
after BPD/DS and RYGB. Deficiency also occurs with
postoperative diets limited in protein and whole grains.
Zinc absorption is regulated by metallothionein. Metal-
lothionein binds to zinc and other divalent cations
such as copper, therefore zinc supplementation may
worsen copper deficiency.36Copper is absorbed through-
out the gastrointestinal tract, so deficiencies are rarely
seen.39
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In a prospective study of micronutrient deficiencies
were detected the time of surgery: vitamin D (63%), iron
(29%), folate (24%), calcium (18%), vitamin B12 (32%), and
increased PTH concentration (12%).27 Vitamin D, iron,
and folate deficiencies were seen by 4 months, but calcium
and vitamin B12 deficiency and elevated PTH concentra-
tions were not detected until 12 months postoperatively.27

IV. DUODENAL AND PROXIMAL
SMALL BOWEL DISORDERS

A. Celiac Disease

Celiac disease is an autoimmune disorder that de-
velops in response to gluten exposure and is character-
ized by small intestinal inflammation. It is common,
affecting about 1% of the general population,40 but may
be underdiagnosed.41 Gluten is a polymeric protein found
inwheat, barley, and rye. Its unique chemical composition
renders it resistant to enzyme degradation and enhances
immunogenicity.42 Gluten induces an innate immune
response in genetically susceptible patients, which leads
to changes in small intestinal permeability and inflamma-
tory mediators. Continued exposure furthers inflamma-
tory cascade pathways and results in altered immunity
and development of chronic inflammation.40 Proximal
small bowel mucosa is disproportionately affected by
ingested gluten, although the entire intestinal tract can
be implicated. Inflammation leads to reduction in nutrient
absorption with subsequent development of micronu-
trient deficiencies, weight loss, and gastrointestinal symp-
toms (bloating, abdominal pain, and diarrhea).43,44 There
is a wide range of disease presentations, from subtle lab-
oratory findings like mild iron deficiency anemia to se-
vere diarrhea, symptomatic vitamin deficiencies, and
loss of bone and muscle mass.40,45 The disease may
have extraintestinal manifestations including infertility,
neurological symptoms, and skin findings of dermatitis
herpetiformis.43,46,47 Patients with celiac disease are also
at increased risk for autoimmune disorders when
compared with the general population.

Celiac disease is diagnosed by a combination of blood
tests and enteric biopsies. Options for blood tests include
antitissue transglutaminase IgA antibodies (most sensi-
tive and specific), antiendomysial IgA antibodies, and
antigliadin IgG and IgA antibodies.48 The latter are useful
in the setting of IgA deficiency but otherwise have lower
specificity and are not used as first-line diagnostic tests.49

Enteric biopsies are necessary to confirm diagnosis in
adults, though endoscopy may be avoided in high-risk
children who present with characteristic symptoms, pos-
itive genetic testing, and high antibody titers. Distinctive
pathology defines the disease and is classified based on
Marsh criteria, which grades villous architectural distor-
tion, crypt hyperplasia, and intraepithelial lymphocyte
density.48 After confirmation of diagnosis, a dietician

consultation is required, as the only approved therapy
is strict gluten avoidance. Nearly all patients who avoid
gluten will have resolution of both symptoms and intesti-
nal mucosal abnormalities. The small percentage (1%
e2%) who are nonresponsive to a gluten-free diet are
termed “refractory” and have higher risks of disease com-
plications like ulcerative jejunitis and enteropathy-
associated T-cell lymphoma.40 Refractory patients may
respond to high-dose oral steroids after a detailed
history confirms dietary compliance. Many refractory pa-
tients are later found to have inadvertent gluten expo-
sures through cross-contamination with other closely
related grains (i.e., oats) or nonfood sources. Removal of
gluten and other inciting agents restores normal villous
architecture and eliminates associated symptoms.50

Complications of celiac disease are avoided with a
gluten-free diet; however, this dietary restriction can
lead other complications, which need to be addressed.
The gluten-free diet is inherently restrictive and chal-
lenging to follow. Close monitoring by a physician and
dietician is encouraged to assess understanding of the
food and beverage composition and discuss barriers to
diet adherence including food choice and availability.
Patients require education on reading food labels and
determining safety of food when eating outside the
home. The highest risk food items (i.e., those with unrec-
ognized gluten) includes sauces, seasoned foods, and
complex dishes.51 Nonfood sources of gluten include
toothpaste, mouthwash, and medication capsules, and
these are common sources of inadvertent exposures.43

The nutritional quality of the gluten-free diet varies by
patient, but on average, it is found to be lower in fiber and
B vitamins such as niacin, thiamine, and folate, as well as
calcium and iron.52 It additionally may be higher in total
fat and added sugar content.53 Some of the adverse nutri-
tional effects can be reduced with promotion of naturally
gluten-free foods such as fruits, vegetables, and proteins
and incorporation of alternative gluten-free grains such
as millet, buckwheat, and amaranth.54

There is a small subset of patients who have clinical
manifestations of celiac disease when ingesting gluten
but have negative blood tests and small bowel mucosal
biopsies. These patients are thought to have “nonceliac
gluten sensitivity,” which may have some overlap with
irritable bowel syndrome (IBS).55,56 Currently, no diag-
nostic testing exists to identify this condition. Patients
may benefit from gluten restriction after celiac disease
rules out, with similar therapeutic approaches to avoid
nutritional deficits and dietary limitations.40

V. LIVER, GALLBLADDER AND
PANCREAS

The digestive functional units of the pancreas are the
ducts, which primarily secrete bicarbonate, and the acini,
which primarily secrete digestive enzymes, including
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proteases, amylase, and lipase in an inactive or
proenzyme form (Fig. 23.4A). Chyme (the semidigested
pulpy and acid food mass) exiting the stomach and
entering the duodenum stimulates the pancreas and
gallbladder via endocrine and neurocrine pathways.
Pancreatic ducts are stimulated by secretion, whereas
the acini are stimulated by secretin and cholecystokinin
(CCK; Fig. 23.4B). CCK is stimulated by intraluminal
fat and certain amino acids in chyme. CCK in turn
stimulates not only pancreatic secretions but also gall-
bladder contraction and secretion of bile acids (which
are secreted by the liver and stored in the gallbladder)
into the duodenum. Duodenal luminal brush border
enzymes cleave proenzymes into active forms optimally
at a pH of 5e6 afforded by pancreatic bicarbonate secre-
tion (Fig. 23.4B). It is in this milieu that digestion occurs.
Pancreatic enzymes are also subsequently degraded in
this environment after facilitating digestion. Bile acids
are required to further solubilize enzymatically hydro-
lyzed fats for absorption at the level of the TI. Bile acids
further undergo enterohepatic circulation (reabsorption
at the TI), with w5% losses in the stool. People with
normally functioning digestive tracts absorb about 93%
of dietary fat.

A. Pancreas

Exocrine pancreatic insufficiency

While pancreatic lipase constitutes only w2% of
pancreatic enzyme output, the consequences of lipase
deficiency clinically results in GI signs and symptoms
including gas, abdominal distention, steatorrhea, weight
loss, and/or lack of weight gain (particularly in chil-
dren). CF and ShwachmaneDiamond syndrome (both
hereditary in etiology) are leading causes of EPI in chil-
dren, while chronic pancreatitis secondary to alcohol or
biliary disease causes EPI in adults.

CF is oneof themost commonheritablediseases inCau-
casians and occurs secondary to impairments in the CF
transmembrane regulator (CFTR). The initial CF gene

mutationdescribedwasa frameshift erroron chromosome
7 (delta F508); subsequently, there have been about 2000
additional mutations associated with CF symptoms.57

Mutations are categorized by functional or phenotypic
class (five classes) with variable degrees of function.
CFTR functions as both a chloride and bicarbonate trans-
porter; impairments in function result in inspissated se-
cretions, which result in impaired fluid transport,
obstructions in susceptible organs, inflammation, dam-
age, and destruction of these tissues to various degrees.
Whilee CF is often considered to be primarily a sinopul-
monary disease, the pancreas, hepatobiliary system, and
GI tract are also intimately involved, to variable degrees.

CFTR is expressed in both ductal and acinar pancre-
atic tissue. The more severe class mutations result in
early pancreatitis and loss of acinar tissue, rendering
>80% of patients with exocrine pancreatic insufficiency
(EPI) in utero, the neonatal period, or early in life.
Conversely, patients with CF who have milder class mu-
tations may have residual CFTR function and are at risk
for acute, recurrent, or chronic pancreatitis. Patients
with CF are therefore classified as having either pancre-
atic insufficiency or pancreatic sufficiency (PS). PS is a
relative term, as patients with PS do not have normal
exocrine pancreatic function as compared to healthy
people.58 CF is the pancreatic disease model that has
advanced the understanding of EPI.

The consequences of EPI include chronic dietary fat
malabsorption (lost calories), fat-soluble vitamin, and
essential fatty acid deficiencies. Recall that both the
ducts and acini are affected by pancreatitis, and the
ducts primarily secrete bicarbonate, which helps to
neutralize gastric acid at the level of the duodenum.
This acidebase balance is important for the optimal
functioning of brush border and pancreatic enzymes
and allows for the digestion and absorption of multiple
micronutrients, including vitamin B12 (Fig. 23.4B).
Pancreatic secretions, luminal pH, and bile acids all
work in concert to digest and solubilize fats for
downstream absorption. A TI is required to actively
absorb B12, and patients without a TI, including

FIGURE 23.4 (A) Major functional units and endocrine regulation of the exocrine pancreas. (B) Site of zymogen activation: duodenum.
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those with Crohn’s disease, short bowel syndrome,
and CF following ileal resection, are at risk for B12

deficiency.
Less common causes of EPI include history of pancre-

atic resections such as for pancreatic tumors or congen-
ital hyperinsulinism. Pancreatitis may also result in EPI.
The etiology of pancreatitis varies somewhat by whether
or not it is acute, acute recurrent, or chronic. Nutrition-
ally relevant risk factors for acute pancreatitis include
hypertriglyceridemia and hypercalcemia. Alcohol expo-
sure is the best known environmental/dietary trigger
for the development of pancreatitis, particularly in
adults, followed by tobacco use. Gallstone is a common
risk factor for pancreatitis adults and children; the etiol-
ogy of gallstones is reviewed elsewhere.59 CF is the most
common cause of recurrent hereditary pancreatitis and
may occur without the classical presentation, affecting
both children and adults.60e63

Regardless of the etiology of pancreatitis, nutritional
management has moved away from the historical
“resting the pancreas” to more evidence-based “recov-
ering the pancreas” approach. Early and aggressive
hydration (1.5e2x maintenance fluid needs) is recom-
mended to reduce risk for pancreatic necrosis, which
carries significantly higher risk for morbidity and mor-
tality for adults. Lactated Ringer’s (LR) intravenous so-
lution currently is recommended over normal saline
solution. LR hastens recovery and may reduce risk for
complications from pancreatitis. Early enteral nutrition
[EN] feeding resumption (oral, nasogastric, or nasojeju-
nal) is also recommended to reduce risk for gut bacterial
translocation and for sepsis.64e69 It is not unusual to
have an adynamic ileus with pancreatitis, which can
confound abdominal pain and delay recovery. Narcotics
therefore should be used sparingly as they reduce GI
motility and can make EN challenging.66e72 EN is pref-
erable over parenteral nutrition (PN) due to decrease in
infectious complications and enhanced recovery. PN has
a limited role in acute pancreatitis and is reserved for pa-
tients for whom EN is not feasible.73,74 In appropriate
patients (i.e., who do not tolerate EN or are not candi-
dates for EN), PN should be initiated 4e5 days after
admission. After the first week of hospitalization, toler-
ance issues that result in hypocaloric enteral feeding for
energy requirements may necessitate the addition of
supplemental PN.

There is insufficient evidence to recommend low-fat
diets in the management or prevention of pancreatitis.
Dietary fat does not have a known adverse effect and
does not confer any benefit to patients in terms of
inflammation.75,76 The use of pancreatic enzyme replace-
ment therapy (PERT) is only appropriate in limited set-
tings. PERT is not effective in preventing recurrent
pancreatitis. PERT is useful in management of chronic
pancreatitiserelated EPI.77e79 PERT is not effective for

managing pancreatitis-related pain independent of its ef-
fect onmanaging EPI. Pancreatitis severity and chronicity
dictates degree and duration of EPI from progressive
destruction leading to loss of ductal and acinar tissue.

The management of EPI includes the use of PERT
(mostly porcine derived), the dosing of which varies
by degree of EPI, dietary fat intake, and by underlying
etiology of EPI. PERT is dosed by lipase units, either as
a function of patient weight (500e2000 lipase units/
kg/meal, up to 10,000 lipase units/kg/day) or by grams
of fat per meal (practical for children with more predict-
able dietary intake). Dose ranges vary by underlying
disorder, with patients with CF usually receiving higher
range doses than for patients with EPI from other
causes. It is critical to note that there is an upper limit
to PERT dosing. PERT, pH, and bile as well as other fac-
tors act in concert to facilitate fat absorption, and there is
a ceiling to fat absorption. High-dose PERT use
exceeding this ceiling dose has historically been associ-
ated with risk for fibrosing colonopathy in patients
with CF, a serious adverse effect.80e82 If PERT is at
maximal safe dosing, additional measures can be
considered to further enhance fat digestion and absorp-
tion. Increasing duodenal pH may be helpful to increase
efficacy of PERT for fat maldigestion.83 In patients with
CF and mild CFerelated liver disease, addition of urso-
deoxycholic acid may enhance dietary fat digestion and
absorption.84 Newer developments to improve fat ab-
sorption include a bacteriophage-derived lipase compo-
nent of an in line feeding cartridge for tube feeding and
an organized lipid matrix that bypasses chylomicron
formation and enhances fat absorption with our without
the need for PERT.85e87

EPI may be transient and of varying severity in pa-
tients with acute, recurrent, and chronic pancreatitis.
EPI status should therefore be followed over time in these
patients.88 Given risks of high-dose PERTand the burden
of using PERT (cost, adherence, and compliance consid-
erations), recommendations advise against open-ended
use of PERT in patients with pancreatitis and EPI unless
permanent EPI.65 Clinical guidelines for the evaluation
and management of EPI, including use of PERT, have
been published elsewhere and are available online.89

B. Liver and Gallbladder

As reviewed prior, bile acids aid in digestion of fats in
the duodenum at an optimal pH between 5 and 6,
providing a detergent-like effect to solubilize digested
fats. They are critical components of micelle formation
and facilitate absorption of fats at the TI. Approximately
95% of luminal bile acids are reabsorbed at the level
of the TI and return to the liver (enterohepatic circula-
tion).90 Bile acids are synthesized from cholesterol,
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with some entering circulation, the others stored in the
gallbladder, and a small fraction not reabsorbed are
excreted in the stool.

A number of different conditions present with
alterationsdreductionsdin bile flow, including biliary
atresia, TPN cholestasis, and obstruction (i.e., malig-
nancies, primary biliary cirrhosis, primary sclerosing
cholangitis). Alagille syndrome is a hereditary vasculop-
athy associated with the Jagged 1 mutation affecting the
Notch2 signaling pathway.91 The hepatic manifestation
is a paucity of intrahepatic bile ducts starting in utero,
at/after birth. Patients with Alagille syndrome are at
risk for fat-soluble vitamin deficiencies and may be at
risk for essential fatty acid deficiencies.92e100 Patients
with Alagille’s syndrome do not have EPI; impaired
bile flow and associated cholestasis result in pruritus
and xanthoma formation.101

Other causes of cholestatic liver disease include CF and
TI diseases or resections (such as in patients with CF with
ileal perforation, Crohn’s disease of the TI, and short
bowel syndrome). The etiology of disease is impaired
enterohepatic bile acid excretion and increased fecal fat,
fat-soluble vitamin, bile acid, and vitamin B12 losses. In
patients with CF, altered duodenal pH related to EPI alters
bile acid solubility in the duodenum and affects function.

VI. DISORDERS OF THE COLON

A. Inflammatory Bowel Disease

Inflammatory bowel disease [IBD] is a form of chronic
inflammation of the GI tract that broadly follows three
patterns:

• Ulcerative colitis (UC), with mucosal inflammation
limited to the colon.

• Crohn’s disease, which can be present in a continuous
or discontinuous fashion frommouth to anus and has
the potential to have transmural inflammation.
Crohn’s disease can present with structuring or
fistulizing disease and can have different disease
phenotypes/clinical course based on what parts of
the GI tract are involved.

• Indeterminate colitis, which is defined as chronic
inflammation that cannot be classified as UC or
Crohn’s.

Classification and GI tract distribution of IBD impacts
both clinical course and management decisions. In addi-
tion to chronic inflammation and blood loss, sites of dis-
ease involvement can result in specific nutritional risks
and deficiencies. IBD can occur in all ages, and in chil-
dren, it can present with malnutrition and failure to
thrive. Nutritional compromise and stunting is more
common in pediatric Crohn’s disease compared to UC.102

Diet as a risk factor for IBD

The etiology of IBD is likely multifactorial and in-
volves interactions between intestinal mucosal barrier
function, immune function, and the environment
(including the diet and microbiota) in genetically sus-
ceptible individuals.103

There is genetic predisposition for IBD such as in
Ashkenazi Jews and people with Northern European
ancestry.104,105 The NOD 2 gene defect was the first of
nearly 200 genes that have now been identified in asso-
ciation with IBD.106 While our genes have not changed
significantly over the past 10,000 years, the global inci-
dence and prevalence of IBD has been increasing,
expanding beyond previously established high-risk
populations, which suggests additional risk factors are
at play.105,107e111 Globally, trends in developing coun-
tries undergoing the nutrition transition have been
linked to increased incidence of first UC and then
Crohn’s disease (Fig. 23.5).105,110e112 Several environ-
mental risk factors have been identified and include to-
bacco exposure,113,114 changes diet, lifestyle, and the
gastrointestinal microbiome.115e120

The dietary risk factors for developing chronic, non-
communicable diseases including IBD relate to the
nutrition transition, which marks a departure from
traditional diets to the modern Westernized diet. Alter-
ations in dietary fat intake, specifically increases in
saturated fats (from animal proteins and dairy prod-
ucts) and omega 6 polyunsaturated fatty acids (red
meat, poultry, eggs, vegetable oils) and decreases in
omega 3 polyunsaturated fatty acids (fish), have been
identified as risk factors.121 A change in carbohydrate
intake, with decreases in complex carbohydrates and
fiber and increases in added simple sugars, has also
been identified as risk factors. Iron intake in heme
form (from animal protein) has also thought to increase
oxidative damage in IBD.122e124 Additives in food such
as maltodextrin, emulsifiers (carboxymethylcellulose
and polysorbate-80 in particular), and the emulsifier
and dairy-thickening agent carrageenan (derived
from red and purple seaweed) are thought to
contribute to inflammation.125e133 Gluten intake
(wheat, barley, rye) has been implicated as a risk factor
for IBD presumably by impairing mucosal barriers and
enhancing permeability, as is the case for celiac
disease.134,135

The contributions of the diet to the pathogenesis of
diet and IBD occurs by different mechanisms, including
alterations to the microbiota, immune functioning (both
to innate immunity and the adaptive immune systems),
and host luminal/mucosal barrier function at the intes-
tinal epithelial interface.103 There are differential effects
of these dietary changes andmicrobiota profiles in terms
of the risk for developing UC versus Crohn’s.136
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The term “microbiome” refers to organisms and their
genomes/functions, whereas “microbiota” refers to the
organisms themselves. The difference is very subtle,
and sometimes they are used interchangeably. The
metabolome specifically refers to the collection of me-
tabolites that organisms produce.

In patients with IBD, the composition of the gut micro-
biome is altered. There is decreased species diversity and
richness in the IBD microbiota. There is a decrease in Fir-
micutes (including clostridia), Faecalibacterium prausnitzii,
Bilophila wadsworthia, and Bifidobacterium adolescentis and
an increase in Actinobacteria and enterobacteriae proteo-
bacteria, including adherent invasive Escherichia coli.
These microbiota profiles are different than unaffected in-
dividuals within the same geographic populations.137e141

Furthermore, there are some differences in themicrobiota
in patients with UC versus Crohn’s.136 It remains unclear
if these changes to the microbiota are causative or corre-
lated with having IBD.142 Research tools such as heat
maps are used to describe microbiome differences in sub-
jects with Crohn’s and how they compare to nonaffected
controls (Fig. 23.6).143

Dietary intake influences the intestinal luminal envi-
ronment, and there is dynamic interplay between this
intestinal substrate and the microbiota. These differ-
ences occur in the neonatal period, with differences in
the metabolome developing between breastfed and
formula-fed infants.144 Breastfed infants support a
microbiome rich in Bifidobacterium, which has antiin-
flammatory properties thought to against Crohn’s dis-
ease in particular.139,145,146 Diets high in animal fat and
low in fiber have increased concentrations of Bacteroides
species, whereas those diets rich in carbohydrates and
low in fat have predominance of Prevotella species.
This is suggestive of a bidirectional relationship between
the microbiota and nutrition, further influenced by host
genetic susceptibility from an immune regulation and/
or intestinal barrier function perspective.140,147,148

Short-chain fatty acids, including butyric acid, are the
preferred energy source for colonocytes and are produced
by the bacteria clostridia, which ferments dietary fiber.
This is the preferred substrate for Firmicutes. A lack of di-
etary fiber results in less fermentation of this substrate by
gut bacteria to short-chain fatty acids. Furthermore, lack
of fiber ingestion results in intestinal bacteria targeting
an alternative substrate in the absence of fiber, namely
the unstirred mucus layer. The unstirred mucus layer
serves a barrier between the lumen and enterocytes.
When the unstirred mucus layer is targeted and perme-
ated, this contributes to inflammation of the mucosa
that is exposed underneath. Studies suggest that dietary
fiber may have more benefit in patients with Crohn’s dis-
ease than UC.149,150 Emulsifiers also found in the diet also
impact the intestinal unstirred mucus layer and perme-
ability to E. coli, which may drive inflammation.125

General nutritional considerations with IBD

Generalized protein-calorie malnutrition with weight
loss is common in patients with Crohn’s disease and
may affect those with UC. In general, patients with
Crohn’s disease, in the absence of an intestinal obstruc-
tion, should consume a diet sufficient in protein and cal-
ories to gain back lost weight and maintain a normal
weight status. There is no benefit to a low-carbohydrate
or low-residual diet except in the presence of an intestinal
obstruction. There is also no proven benefit from an
increased unrefined carbohydrate.151 Potentially, higher
complex carbohydrates and soluble fiber diets may be
beneficial to patients with colitis because of the effects
on colonic mucosa of short-chain fatty acids derived
from fermentation. Enteral nutritional support studies
have suggested diets or formulas high in long-chain tri-
glycerides may be associated with an increased relapse
risk of Crohn’s disease.152 Fiber supplementation may
be of benefit in Crohn’s disease, but not in UC.153,154

FIGURE 23.5 Understanding and preventing the global increase of inflammatory bowel disease.112 Increasing trend of IBD in industrialized
countries since the 19th century and in industrializing countries since the 20th century.
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Specific nutrient concerns in IBD

Vitamin B12 deficiency may develop in those patients
with chronically active terminal ileal disease or in those
with terminal and distal ileal resections totaling>60 cm.155

The reduced bile salt pool that occurs with terminal
ileal disease or resection leads to fat maldigestion and
can result in deficiency of fat-soluble vitamins (A, D,
E).156e158 VitaminDdeficiency has implications regarding

FIGURE 23.6 Heat map depicting differences in the microbiota in subjects with Crohn’s disease as compared to healthy controls. Bacterial
composition in samples from children with Crohn’s disease and healthy controls. (A) A heat map demonstrating relative abundance of bacterial
taxa prior to therapy according to presence or absence of Crohn’s disease, cluster assignment, use of corticosteroids and antibiotics, FCP con-
centration, and response to therapy. Metadata is indicated by the color code at the top of the figure. White cells indicate missing data. Taxa that
were statistically different in abundance between Crohn’s disease and healthy controls are identified by *; taxa that were statistically different in
abundance between the two Crohn’s disease clusters are identified by y (q < 0.05). FCP in this and subsequent figures indicates fecal calprotectin.
Samples were ordered by the metadata (healthy vs. Crohn’s samples, and cluster 1 vs. cluster 2, then other forms of metadata). (B) Multidi-
mensional scaling (MDS) analysis of samples from children with Crohn’s disease and healthy controls. Bacterial taxa present were quantified by
MetaPhlAn, distances were calculated using binary Jaccard index, and samples were plotted based on MDS. Samples from healthy controls are
shown by the filled circles and Crohn’s disease as open circles. Clusters were defined by partitioning around medoids with estimation of number
of clusters (PAMK) and are colored blue (healthy associated) and red (dysbiotic). The size of the dot is scaled by the proportion of human DNA in
the sample. (C) Percentage of human DNA reads in each metagenomic sequence sample. Near cluster (blue, associated with healthy controls) and
far cluster (red, dysbiotic) refer to the groups shown in 1B. Lewis JD, et al. Cell Host Microbe. October 14, 2015; 18(4):489e500.143
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IBD disease activity, and correction of vitamin D defi-
ciency is advised, although the optimal way to achieve
this has not been clearly established.109,159,160 Essential
fatty acid deficiency has been described in IBD, and this
may relate to terminal ileal disease/resection, increased
fatty acid derived eicosanoid utilization in inflammatory
cascades, or associated with zinc deficiency, as zinc is
an essential nutrient in these specific metabolic path-
ways.161,162 Zinc deficiency may be observed in upwards
of 40% of patients with Crohn’s disease secondary to
luminal and malabsorptive losses.163 Deficiency is diffi-
cult to determine on the basis of serum zinc concentration
because zinc is bound to serum albumin, other proteins,
and amino acids, and these may be depressed in active
Crohn’s disease and including protein-losing enteropa-
thy. Similarly, conventional measures of iron deficiency
may not be optimal in patients with active Crohn’s dis-
ease or UC because ferritin, as an acute phase reactant,
is often elevated, and TIBC may be decreased. Newer ap-
proaches to assessment and management of anemia in
IBD are reviewed elsewhere.164,165

Bacterial overgrowth may occur proximal to intesti-
nal strictures, and these compete with the enterocytes
for nutrient absorption. Folate deficiency has been
described in upwards of a third of patients with Crohn’s
disease166 and in those patients taking folic acid antago-
nists such as methotrexate or medications that decrease
folic acid uptake (i.e., sulfasalazine).

Dietary oxalate should be restricted in patients with
steatorrhea from chronically active disease or resection
involving the TI. Normally, dietary oxalate is bound to
calcium. However, in the setting of steatorrhea, calcium
binds preferentially to free fatty acids. Dietary oxalate
then passes into the colon where it is absorbed; this
may be related to enhanced colonic permeability caused
by the presence of bile salts, which normally would
have been reabsorbed in the TI. The oxalate is then
filtered in the kidneys where it binds to calcium and
may lead to calcium oxalate nephrolithiasis as a compli-
cation of IBD.167e169

Specific nutrient supplementation in IBD

Iron supplementation to prevent or treat anemia sec-
ondary to iron deficiency is recommended, with the oral
route preferred over intravenous in states of active
inflammation.170 However, given concerns for enteral
iron as increasing oxidative stress, and that parenteral
iron is not known to promote intestinal luminal inflam-
mation, there is disagreement about the optimal manner
in which to provide iron.122,164,165,170e173

Specific nutritional supplements have also been stud-
ied in patients with IBD. Omega 3 rich fish oils have

been studied in patients with IBD, and despite early
encouraging earlier studies, larger and controlled studies
are equivocal.174e176 Curcumin derived from spice
turmeric is known to have both antiinflammatory and
antioxidant properties. There have been improvements
in both patient reported disease activity scores and in-
flammatory markers in a small study in five subjects
with Crohn’s disease supplemented with curcumin.177

A double-blinded placebo-controlled trial in 82 subjects
with UC demonstrated curcumin to be superior to pla-
cebo for maintenance of remission.178 Furthermore, in
combination with mesalamine (a 5-aminosalicylate used
to treat IBD), curcumin was shown to be superior to
mesalamine þ placebo for both clinical and endoscopic
improvements/remission.179 The doses of curcumin
used in these studies exceeds that of typical dietary
intake. Several small studies of glutamine as therapy
for Crohn’s disease did not support its use as a therapeu-
tic agent; one rodent study suggested inflammation was
worsened with glutamine supplementation.180,181

Probiotic therapy, specifically using E. coliNissle 1917
or VSL#3 (specific Vibrio, Saccharomyces, and Lactobacillus
reuteri species)dbut not necessarily other probioticsd
has been used in patients with mild to moderate UC
for the induction of remission. The studies using Lactoba-
cilluswere used for mild distal colitis and were provided
in enema form.182 Probiotics have not been shown to be
for the induction or maintenance of remission in Crohn’s
disease,183 and their use is not recommended.170

Diet therapy for IBD: structured diets

Dietary approaches to establish and maintain clinical
remission in patients with IBD have been conducted. Of
these, exclusive enteral nutrition (EEN) has been the
most studied and effective modality. EEN has been
shown in metaanalyses to achieve clinical remission in
60%e86% of pediatric subjects with Crohn’s and has
also been shown to be superior to corticosteroids in
achieving mucosal healing.184e189 EEN has no known
side effects. EEN has also been demonstrated to improve
growth in pediatric patients with IBD. European Pediat-
ric Gastroenterology, Hepatology, and Nutrition Guide-
lines endorse use of EEN as a first-line therapy for
Crohn’s disease.170 Time to remission with EEN varies
between 3 and 12 weeks across these studies.

Recent advances in our understanding of EEN include
that the type of formula seems less relevant than previ-
ously thought (polymeric, elemental, etc.). EEN can be
administered orally or by tube feeds, or by some combina-
tion of approaches.While EENwas thought to be have the
strongest response for Crohn’s disease predominantly
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affecting the small bowel, more recent studies have not
demonstrated differences based on disease location.190

One of the issues with EEN relates to tolerance of
enteral feeding and adherence with both tube feeding
and a restrictive, monotonous diet. The use of partial
enteral nutrition (PEN) is defined by providing >50%
of calories from EN with formula. More recent studies
suggest >65% to 80%e90% of calories from EN are
required to induce remission.191 PEN has also been
demonstrated as an effective treatment to maintain
remission in Crohn’s in both pediatric and adult pa-
tients, with as little as 50% of calories from formula.192

In adult Crohn’s patients, PEN is as effective as 6-
mercaptopurine in maintaining remission.193

Comparing EEN and PEN, the former is more effec-
tive in pediatric Crohn’s, even when used in combina-
tion with biologics like infliximab.185,194

For both EEN and PEN, the precise mechanism of ac-
tion is unclear and may have to do with carbohydrate
monotony and downregulation of the gastrointestinal
immune response to feeds, among other potential
mechanisms.195,196 There are several limitations to EEN
and PEN, which include difficulty with enteral tolerance
to tube feeds (volume, symptoms such as bloating,
nausea, etc.), palatability, adherence, and taste fa-
tigue.196 Other investigators have studied food based-
approaches that attempt to mimic or replicate EEN
and have promising results.197

Current recommendations support the use of EEN or
PEN even in the setting of a history of intestinal stric-
tures or stenosis, provided that there are no active
obstructive symptoms, and if feeds can be administered
beyond the level of the stricture/stenosis.170 There are
appropriate indications for PN in IBD including intesti-
nal obstruction, bowel perforation, prolonged postoper-
ative ileus, short bowel syndrome, anastomotic leak, or
high-output fistula.170

There are other diets that have been studied in pa-
tients with IBD. Gluten increases intestinal permeability
in patients both with and without celiac disease.135

There is currently insufficient evidence to restrict gluten
as part of care for IBD. Other diets that are less well stud-
ied in IBD include the specific carbohydrate diet, the IBD
antiinflammatory diet, the Crohn’s disease exclusion
diet, the semivegetarian diet, and the Paleolithic diet.
A gluten-free diet may improve symptoms in subjects
with IBD and possibly active disease activity in Crohn’s.
These diets are reviewed in detail elsewhere and are
summarized in Table 23.3.198

In summary, the diet has significant implications for
the etiology and management of IBD. IBD is associated
with specific nutrient deficiencies that may impact nutri-
tional and growth status particularly in children with

Crohn’s disease. There are nutritional approaches for
both inducing and maintaining clinical remission for
IBD, some of which are well established. These are as
effective as immunosuppressants, without many side ef-
fects and with subsequent improvement of growth for
specific patterns of IBD, especially Crohn’s disease
affecting the small bowel.

VII. FUNCTIONAL
GASTROINTESTINAL DISORDERS

Functional gastrointestinal disorders (FGID) comprise
a group of conditions that relate to the gastrointestinal
tract that cannot be completely explained by anatomical
or biochemical abnormalities (infectious, inflammatory).
FGID afflict both children and adults and are defined
on the basis of symptoms. These symptom-based criteria
have been developed by expert consensus and opinion
under the auspices of the Rome Foundation and are
referred to Rome Criteria. Definitions were updated
most recently in 2016, known as the Rome IV
criteria.199e201 FGID pose diagnostic challenges as there
is no anatomical or laboratory-based diagnosis. These
disorders can coexist across the spectrum of GI disorders,
such as with IBD or celiac disease and IBS. Many FGID
occur concomitantly with psychosocial, emotional, and
behavior stressors. The brainegut axis plays a role in
the pathophysiology of many FGID. Some FGIDmanifes-
tations may relate to dysbiosis and the intestinal micro-
biota. FGID may have genetic basis. Early life stressors
may manifest later as FGID. Maladaptive responses and
lack of adequate coping skills in patients may complicate
the management of FGID and often require comanage-
ment with behavioral health providers.

IBS is an FGID. Pediatric and adult IBS is similarly
classified by symptoms: IBS with predominant constipa-
tion, IBS with predominant diarrhea, and IBS with con-
stipation and diarrhea. IBS includes findings of
abdominal pain four or more days per month associated
with defecation and/or a change in frequency of stool
from baseline and/or a change in form/appearance of
stool. Pain may or may not resolve following resolution
of constipation; if it does, it is then reclassified as func-
tional constipation. As with other FGIDs, IBS cannot
be explained by another underlying medical condition.
The pathophysiology of IBS is thought to involve the
brainegut axis and includes a psychosocial stressor
component. Visceral hypersensitivity may be attenuated
or amplified by psychosocial stressors. Abdominal or
rectal pain may occur. A postinfectious (such as with
viral infections) IBS phenomenon is known to occur in
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children, adolescents, and adults and may be driven by
inflammatory cytokines. Perturbations in the intestinal
microbiota may be coincident, with causality or conse-
quence not clearly established. The GI differential diag-
nosis includes anatomical, infectious, inflammatory, and
motility disorders as well as conditions associated with
malabsorption. Differentiation between those GI disor-
ders and IBS is guided by the history and physical,
and markers of inflammationdand particularly in the
stooldsuch as fecal calprotectin, are becoming more
clinically useful.199e201

Aerophagia is more common in patients with im-
pairments in neurocognition. Air swallowing is
described as excessive, occurring throughout the day
with progressive abdominal distention and with associ-
ated passage of gas via belching and/or flatus. Symp-
toms may be more severe in those children who
cannot pass gas once it is swallowed (such as those
following gastric fundoplication as a reflux control
measure). Chewing gum and gulping down liquids
may be risk factors. Symptoms are not attributable
to other causes such as partial obstructions, small
bowel bacterial overgrowth, gastrointestinal dysmotil-
ity (pseudoobstruction), or malabsorptive disorders.
Abdominal pain, nausea, and early satiety are report-
edly associated GI symptoms, with sleeping issues,
headaches, and dizziness also of concern. Anxiety is a
frequent comorbidity and may contribute to the
behavior. Treatment is mostly supportive and multidis-
ciplinary, including with clinical nutrition, gastroenter-
ology, and behavior psychology.199

Beyond addressing aerophagia, gas is a common GI
complaint for patients with FGID, including IBS. Dietary
approaches are important in management of gas,
including reduction or restriction of foods that may pro-
voke symptoms. Some carbohydrates are poorly
digested in the small intestine and promote the gas,
distention, bloating, and loose stools observed in pa-
tients with IBS. These gas forming carbohydrates go by
the acronym FODMAPS (fermentable oligo-, di-, mono-

saccharides, and polyols). High-FODMAP foods cause
symptoms, and management strategies include shifting
the diet to low-FODMAP foods. Examples of high-
FOMAP fruits may include apples and cherries, whereas
grapes and strawberries are low-FODMAP foods.202

Limiting other symptom-provoking foods may also be
helpful, either empirically or preferably following spe-
cific evaluations, such as for lactose or dietary fructose
intolerance. Use of supplemental enzymes such as
lactase for lactose intolerance or alpha galactosidase
for some plant-based food intake may help symptoms.
Switching from fiber with high-FODMAP to low-
FODMAP profiles may be helpful in managing symp-
toms. Confounding variables may include altered GI
motility and constipation, which can promote small
bowel bacterial overgrowth or dysbiosis.203e206 Altering
gut microbiota by use of probiotics in children and anti-
biotics in adults has been studies, though with inconclu-
sive results.207 Behavioral psychology is important to
identify possible psychosocial stressors in patients
with FGID and to help identify coping mechanisms as
part of clinical care.

IBS can coexist with IBD and celiac disease. Low-
FODMAP diets may help patients with IBD and celiac
disease (gluten-free); while adherence to these specific
dietary approaches has been linked to reduction in func-
tional pain symptoms, there is no effect on underlying
inflammatory processes in patients.208e216

VIII. SUMMARY

The conditions and diseases highlighted in this chap-
ter provide examples of digestive tract physiology and
pathophysiology pertinent to nutritionally related pa-
thology and clinical care. Digestion and absorption
requires not only an intact and functional gastrointes-
tinal tract but also a dynamic interplay with the metab-
olome, which is shaped by nutrient intake and external
environment and can promote health and disease states.

RESEARCH GAPS

The role of food and pH for gastroesophageal reflux requires further investigation. Alterations and perturba-
tions in pH may have significant impact on gastroesophageal reflux, digestion, and absorption of nutrients,
on the microbiome, and possibly also for risk for chronic noncommunicable diseases, including some cancers,
and warrant further investigation. There are inadequate data regarding types of fiber intake and clinical out-
comes across various GI disease states, including IBD. The role of antiinflammatory diets and antioxidants in
pancreatitis and IBD is understudied. The microbiota and metabolome constitute an important bidirectional
interface in both health and disease states and need to be further explored and understood, for the prevention
and management of disease.
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SUMMARY

Chronic kidney disease (CKD) affects over 20 million individuals in the United States and 752 million
individuals worldwide.1 Progressive kidney disease that leads to the need for dialysis (end-stage renal
disease or ESRD) or transplantation affects over 700,000 individuals in the United States. CKD is defined as
abnormalities of kidney structure or function present for>3 months, with stratification based on estimated
glomerular filtration rate category and the magnitude of albuminuria.2 The Kidney Disease: Improving
Global Outcomes group has updated the classification of CKD and changed the term “stage” to “grade,” as
not all kidney disease is progressive, and noted that the presence or absence of albuminuria can greatly
influence prognosis.3 In this chapter, we describe in brief the primary nutritional and metabolic
derangement in children and adults with CKD.

Keywords: Growth hormone; Mineral and bone disease; Nutritional supplementation; Pediatric and adult
chronic kidney disease; Protein energy wasting; Renal transplant.

I. INTRODUCTION

In both children and adults, the kidneys are critical
for the maintenance of fluid and electrolyte homeostasis,
excretion of metabolic waste products, and the regula-
tion of various hormonal and metabolic pathways.
Even a slight reduction in kidney function may have
metabolic and nutritional consequences. Patients with
chronic kidney disease (CKD) consequently display a
variety of metabolic and nutritional abnormalities
(Fig. 24.1, Table 24.1). Metabolic and nutritional abnor-
malities arise in CKD from both pathophysiological
(e.g., uremic toxicity, altered metabolism) and iatrogenic
(e.g., polypharmacy and the prescription of a low-
protein diet to slow disease progression) causes. In the
late stage of CKD, defined by the need to start renal

replacement therapy (RRT) (dialysis or kidney trans-
plantation), some of these abnormalities are attenuated,
while novel ones may occur.

In children with CKD, nutritional derangements are
common and are associated with significant morbidity
and mortality. Prenatal factors play a role in the develop-
mentoffutureCKD,especiallyinpreterminfantsandthose
with congenital anomalies of the kidney and urinary tract.
Studies have reportedaprevalenceof 20%e45%ofmalnu-
trition in childrenwithCKD.4 Malnutrition in CKD is not
entirely explained by reduced nutritional intake. A com-
plex combination of different factors, including hormonal
imbalances, decreased appetite, inflammation, increased
catabolism, and metabolic derangements, all predispose
these patients to malnutrition.5e8 The exact mechanisms
leading tomalnutrition, including the timing and trajectory
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of weight loss, slowweight gain, and poor linear growth in
children with CKD with suboptimal nutritional status, are
not well understood.

II. PROTEIN-ENERGY WASTING:
PREVALENCE, MECHANISMS, AND

SIGNIFICANCE

Among the complications of CKD, progressive loss of
body protein mass and energy reserves is one of the
most typical and detrimental. This loss has been termed
protein-energy wasting (PEW).9 It is most prevalent in
patients with advanced stages of CKD and may affect
up to 75% of subjects with end-stage renal disease. The
term PEW was proposed by the International Society
of Renal Nutrition and Metabolism to describe a state
of decreased body stores of protein and fat. Criteria for
PEW are listed in Table 24.2.10

Unlike protein-energy malnutrition, which describes
deficient protein energy explained purely by inadequate
dietary protein intake, PEW describes deficient protein
energy that cannot be corrected by increasing energy
and protein intake alone. The pathogenesis of PEW is
not well understood and is shown to be related to
many complex factors, including hypermetabolism,
hypercatabolism, retention of uremic toxins, acidosis, in-
sulin resistance, elevated circulating proinflammatory
cytokines, depression, and imbalance in hormonal regu-
latory pathways for hunger and satiety (Table 24.3).4,11,12

PEW is to a large extent caused by undernutrition.
Impaired food intake is a consequence of several overlap-
ping processes. A low-protein diet is advocated in CKD
subjects as it has been shown to reduce uremic symptoms

Waste products removal
• Uremia
• Anorexia
• Metabolic disturbances

Water-electrolyte homeostasis
• Retention of fluid and electrolytes
• Hyperkalemia
• Fluid overload
• Left ventricular hypertrophy

Acid-base balance
• Metabolic acidosis
• Protein catabolism

Erythropoietin production
• Anemia
• Fatigue/Tiredness
• Physical inactivity

Degradation of peptides
• Hormonal alterations
• Insulin resistance
• ↑ serum β2-microglobulin
• Hypercytokinemia

Blood pressure regulation
• Hypertension
• Cardiovascular disease

Calcium-phosphate balance
• Vitamin D deficiency
• Hyperphoshatemia
• Bone and mineral disorders
• Vascular calcification

FIGURE 24.1 Major roles of the kidney in metabolic regulation. Reproduced with permission from Axelsson, T.G., Chmielewski, M. and Lindholm,

B. (2012). Kidney Disease. In Present Knowledge in Nutrition (eds J.W. Erdman, I.A. Macdonald and S.H. Zeisel). doi: https://doi.org/10.1002/

9781119946045.ch53

TABLE 24.1 Stages of chronic kidney diseasea.

Stage 1: >90 Mild CKD

Stage 2: 60e90

Stage 3: 30e60 Moderate CKD

Stage 4: 15e30 Advanced CKD

Stage 5: <15

aBy estimated glomerular filtration rate (eGFR) mL/min/1.73 m2.

TABLE 24.2 Nutritional aberrations that are associated with
CKD.

Growth impairment (pediatrics)

Metabolic acidosis

Anemia from ineffective erythropoiesis

CKDdmineral bone disease
Decreased formation of 1,25-OH2 vitamin D
Secondary hyperparathyroidism
Hyperphosphatemia

Electrolyte derangements

Hyperuricemia leading to increase cardiovascular risks

Protein-energy wasting
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and retard the progression of the disease.13 However, it
may result in negative protein balance, especially in
subjects not receiving amino acid and/or ketoacid sup-
plementation. As CKD progresses, anorexia develops.14

This is due to uremic intoxication and hormonal deran-
gements, including an increase in circulating levels of
multiple anorexigens such as leptin. Finally, as patients
progress toward end-stage renal disease, dialysis is intro-
duced, which is associatedwith significant losses of nutri-
ents into the dialysate in both types of dialysis treatment.
Decreased food intake is not the only culprit for PEW
occurrence. Chronic low-grade inflammation seems to
be of equal importance.9,15 This prevalent complication
of CKD has been shown in several studies to decrease
protein generation and to increase protein breakdown,
resulting in a highly negative protein balance. Other dis-
turbances predispose CKD patients to deteriorations of
nutritional status. These include, for example, oxidative
stress, acidosis, nutrient losses, social factors such as
loneliness and poverty, and comorbid conditions such
as diabetes mellitus, cardiovascular disease, and infec-
tions, which are all highly prevalent in CKD patients.9

PEW is associated with impaired growth and devel-
opment in children with CKD, as well as increased
risk of hospitalizations and death.16 PEW has been
well studied in adults with CKD and shown to be a
risk factor for cardiovascular complications and death,
but it is not well characterized in children.17 Of the diag-
nostic PEW biochemical marker adult criteria, such as
albumin, prealbumin, transferrin, cholesterol, triglycer-
ide, retinol-binding protein, hemoglobin, and total
lymphocyte count, none have reliably demonstrated
utility in assessing PEW in children.

In general, none of the currently favored biomarkers
for malnutrition (i.e., albumin, prealbumin, and trans-
ferrin) have been demonstrated to accurately reflect nutri-
tional status in CKD18e20 Instead, strong associations
between biomarkers andmortality seem to derive, at least
in part, from their close association with inflammation
and from the important role of the kidney inmetabolizing
circulating inflammatory peptides.18,21 The serum albu-
min concentration is determined by its synthesis, break-
down, and volume of distribution.22,23 In CKD patients,
factors such as overhydration, proteinuria, and protein
losses into the dialysate and urine may cause a decrease
in serum protein concentrationdthus albumin is not an
ideal biomarker in this population. Hypoalbuminemia
in CKD patients is more associated with chronic inflam-
matory state than with insufficient food intake.24

Like serum albumin, prealbumin is mainly synthesized
in the liver, and a reduced dietary protein intake is asso-
ciated with a decline in serum concentrations that are
more quickly restored by nutritional therapy, due to its
lower concentration and shorter half-life (2e3 days).25e27

However, serum prealbumin concentrations are also
greatly affected by inflammation.28 In CKD, reduced
renal catabolism of prealbumin also contributes to altered
serum prealbumin concentrations.29 Lastly, serum trans-
ferrin is a visceral protein that transports iron in the circu-
lation. Its concentration is affected by iron metabolism,
much altered in CKD, and inflammation.30 Thus, serum
transferrin is not a reliable marker of nutritional status
in CKD. Despite the prevailing use of these biomarkers
in CKD, circulating concentrations of albumin, prealbu-
min, and transferrin are in fact not appropriate indicators
of the nutritional status in patients with CKD.

Studies identifying novel biochemical markers of PEW,
such as unacylated ghrelin, obestatin, and leptin, are in
progress.12,31 Abraham et al. adapted the PEW definition
from adult populations to pediatric populations.16 It in-
cludes biochemical markers used in the adult criterion
of PEW, as well as the pediatric-focused criterion (e.g.,
poor growth defined as short stature or poor linear
growth velocity). By including pediatric-focused crite-
rion, the modified PEW definition was better able to pre-
dict rates of hospitalization in children with CKD. Most
recently, metabolomics has been usedto identify

TABLE 24.3 Clinical criteria of PEW in CKD.

• � Three out of the four listed categories along with at least one test
in each of the selected category must be satisfied for the diagnosis of
kidney diseaseerelated PEW.

• Each criterion should be documented on at least three occasions,
preferably 2e4 weeks apart.

Serum chemistry

• Serum albumin <3.8 g/dL
• Serum prealbumin <30 mg/dL (for maintenance dialysis patients

only)
• Serum cholesterol < 100 mg/dL

Body mass

• Body mass index (edema free) < 23
• Unintentional weight loss over time: 5% over 3 months or 10% over

6 months
• Total body fat percentage < 10%

Muscle mass

• Reduced muscle mass 5% over 3 months or 10% over 6 months
• Reduced midarm muscle circumference area (reduction >10% in

relation to 50th percentile of reference population)a

• Creatinine appearanceb

Dietary mass

• Unintentional low DPI <0.80 g/kg/day for at least 2 months for
dialysis patients or < 0.6 g/kg/day for patients with CKD stages
2e5

• Unintentional low DEI <25 kcal/kg/day for at least 2 months

CKD, chronic kidney disease; DEI, Dietary energy intake; DPI, Dietary protein

intake; GFR, glomerular filtration rate; PEW, protein-energy wasting.
aMeasured by a trained anthropometrist
bEstimated by measurement of creatinine in 24 h urine collection and in collected

spent dialysate.

Adapted from Obi et al.10
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biomarkers of dietary acid load (i.e., balance of acid and
baseeproducing foods) in CKD. The Modification of
Diet in Renal Disease (MDRD) and the African American
Study of Kidney Disease and Hypertension metabolomic
profiling demonstrated 13 common metabolites associ-
ated with dietary acid load.32

Cross-sectional studies in adults suggest that weight
loss begins around an estimated glomerular filtration
rate (eGFR) of 40 mL/min/1.73 m2.33 A pediatric study
in CKD suggests that weight loss accelerated when eGFR
decreases to <35 mL/min/1.73 m2. The rate of weight
loss was also associated with higher risk for ESRD.5 How-
ever, weight and bodymass index (BMI) do not accurately
reflect nutritional status in CKD. Fluid overload in CKD
leads to inaccurate estimation of lean body mass. Children
with CKD also tend to have a stunted growth velocity and
short stature, which leads to a falsely reassuring BMI sta-
tus. Also, body weight does not accurately reflect changes
in body composition caused by PEW, which is character-
ized by decreasing protein and fat mass status. Therefore,
Kidney Disease Outcomes Quality Initiative (KDOQI) rec-
ommends including several additional anthropometric
measurements in evaluation of PEWin children, including
height-for-age-percentile or standard deviation scores
(SDS), height velocity-for-age or SDS, and estimated dry
weight-for-age or SDS.4

Obesity is a frequent finding in CKD, reflecting the
growing prevalence of overweight and obesity in the
general population. In fact, obesity is one of the most
frequent risk factors for CKD progression.34 However,
PEW is equally frequent and equally detrimental in
obese as it is in lean patients with CKD.35 PEW is a
strong and independent predictor of cardiovascular
and noncardiovascular mortality in CKD patients.
Decreased indices of nutritional status, as serum albu-
min, prealbumin, or cholesterol, have been associated
with increased risk of death.36 Similarly, decrease in
muscle mass and dietary protein and energy intake
have been linked to worse outcomes.

III. INSULIN RESISTANCE AND
DYSLIPIDEMIA

Diabetes mellitus is the leading cause of CKD all
over the world, accounting for up to 40% of cases of
ESRD in some countries. Insulin resistance is a typical
finding in moderate-to-severe CKD.37 Insulin resistance
has been associated with progression of renal disease by
worsening renal hemodynamics by various mecha-
nisms, including activation of the sympathetic nervous
system, sodium retention, and downregulation of the
natriuretic peptide system.38

Hypertriglyceridemia appears in early stages of CKD
with the highest concentrations in patients on dialysis

and in those with nephrotic syndrome. The ratio of tri-
glycerides to cholesterol in LDL and HDL particles is
increased in patients with CKD, with hypertriglyceride-
mia resulting from delayed catabolism of triglyceride-
rich lipoproteins.39 Mechanistically, an accumulation of
triglyceride-rich lipoproteins in CKD appears mainly to
be a result of a decreased catabolism of lipids.40 As
decreased insulin sensitivity occurs (commonly in pa-
tients with GFR < 30 mL/min/1.73 m2), an overproduc-
tion of insulin-sensitive veryelow-density lipoproteins
is likely to contribute to hypertriglyceridemia in CKD pa-
tients. Patients with moderate CKD have a highly preva-
lent dyslipidemic phenotype consisting of increased
triglyceride-rich lipoproteins, which is strongly associ-
ated with a high burden of subclinical atherosclerosis
and has also been shown to be associated with increased
risk of coronary heart disease.41e43

IV. CKDdMINERAL AND BONE
DISEASE

Parathyroid hormone (PTH), fibroblast growth factor
23 (FGF23), 1,25-dihydroxyvitamin D (1,25(OH)2D), and
a-klotho regulate serum calcium and phosphorus con-
centrations via feedback loops. In addition to the mainte-
nance of normal extracellular and intracellular levels of
calcium and phosphorus, the long-term goal is to ensure
adequate availability of these ions for bone that is
growing (modeling) or remodeling and to minimize
extraskeletal calcification in soft tissues and vasculature.
The kidney is involved in all of these homeostatic loops,
and thus, it is not surprising that mineral homeostasis
is disrupted in patients with CKD. Abnormalities begin
early in the course of CKD (Fig. 24.2). At eGFR near
60 mL/min/1.73 m2, levels of 1,25(OH)2D are decreased
and PTH and FGF23 increased (Fig. 24.2). It is believed
that with progression of CKD, the body attempts to
maintain normal serum concentrations of calcium and
phosphorus via increased PTH and FGF23. The elevated
FGF23 also leads to increased catabolism of both 25(OH)
D and 1,25(OH)2D. Thus, as early as eGFR<60 mL/min/
m2, there is evidence of the biochemical abnormalities
of CKD-MBD. In contrast to the early rise in FGF23
and PTH and decrease in 1,25(OH)2D, serum levels of
calcium and phosphorus are abnormal only when the
eGFR is < 30 mL/min/m2. There is decreased calcium
absorption in the intestine that can be corrected with
the administration of 1,25(OH)2D. However, in CKD
stages 3 and 4, there is also a marked reduction in urine
calcium excretion. The mechanism by which this occurs
is not well understood. It is possible that increased PTH
leads to reabsorption; however, the urine calcium does
not change in response to treatments with 1,25(OH)2D
or its analogs, while the concentration of PTH is lowered
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by 30%.44 These decreases in calcium intestinal abs-
orption and kidney excretion with CKD put patients at
risk of positive calcium balance. Two recent calcium bal-
ance studies have demonstrated positive calcium with
oral intake from diet and supplements/binders of
800e1000 mg/day.45,46 The potential adverse conse-
quences of positive calcium balance or excess calcium
intake include suppression of bone remodeling rates
and extraskeletal calcium deposition, at least in patients
with ESRD.47 Thus, indiscriminate use of calcium supple-
ments in patients with CKD should be avoided. Epidemi-
ologic data suggest that serum phosphate concentrations
above the normal range are associated with increases in
morbidity and all-cause and cardiovascular mortality in
patients with CKD. Furthermore, several studies have
demonstrated that treatment of patients undergoing dial-
ysis with phosphate binder therapy is associated with a
20%e40% lower risk of death.48e52 Vitamin D deficiency
(<20 ng/mL) and insufficiency (<30 ng/mL) are com-
mon in patients with CKD, only 29% and 17% of those

with stage 3 and 4 disease, respectively, have sufficient
vitamin D, and the prevalence of frank deficiency
(<10 mg/mL) was 14% and 26% in patients with stage
3 and 4 CKD, respectively.53

In pediatrics, there are age-specific goals for serum
calcium, phosphorous, and PTH from the 2008 KDOQI
Guidelines (see Table 24.4).55 It is important to note
what may be considered “hyperphosphatemia” for an
adult patient may be within the serum phosphorous
ranges for infants who need more phosphorous for
bone growth in this particular time period.55

V. NUTRITIONAL ASSESSMENT IN
CKD PATIENTS

Many methods have been created to identify mal-
nourished and wasted CKD patients and to grade
different degrees of PEW. Unfortunately, there is no sin-
gle method that can be used for this purpose; with so

TABLE 24.4 Age-specific normal ranges of blood ionized calcium, total calcium, and phosphorus.

Age Ionized calcium (mmol/L) Calcium (mg/dL) Phosphorus (mg/dL)

0e5 months 1.22e1.40 8.7e11.3 5.2e8.4

6e12 months 1.20e1.40 8.7e11.0 5.0e7.8

1e5 years 1.22e1.32 9.4e10.8 4.5e6.5

6e12 years 1.15e1.32 9.4e10.3 3.6e5.8

13e20 years 1.12e1.30 8.8e10.2 2.3e4.5

Conversion factor for calcium and ionized calcium: mg/dL � 0.25 ¼ mmol/L.

Conversion factor for phosphorus: mg/dL � 0.323 ¼ mmol/L.
Adapted with permission Ref. 55; Specker.55

FIGURE 24.2 Prevalence of hyperphosphatemia, secondary hyperparathyroidism, and elevated FGF23 in relation to eGFR. Hyper-
phosphatemia was defined as serum phosphate >4.6 mg/dL, secondary hyperparathyroidism as parathyroid hormone (PTH) > 65 pg/mL, and
fibroblast growth hormone-23 (FGF23) excess as FGF23 > 100 RU/mL. eGFR, estimated glomerular filtration rate.54
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many concurrent metabolic and nutritional abnorm-
alities, such an effective clinical tool has remained
elusive. The National Kidney Foundation Clinical Prac-
tice Guidelines for Nutrition in Chronic Renal Failure
thus recommends that nutritional status should be
evaluated using a combination of valid, complemen-
tary measures.29 These measures may include biolog-
ical assessment of protein-energy status, subjective
global assessment (SGA), dietary intake assessment,
and anthropometry measurements.29

A. Subjective Global Assessment

With limited usefulness of biomarkers, SGA has been
proposed as a simple, inexpensive, and easy-to-apply
method of assessing nutritional status in this patient
group. SGA is a reliable indicator of PEW in uremic
patients.29,56,57 Furthermore, SGA uses scoring of the
patient’s medical history and physical examination to
differentiate nutritional status categories: well-nourished
slightly malnourished, and severely malnourished pa-
tients. The attributes scored in the SGA include the
following: gastrointestinal symptoms, dietary intake,
body weight, disease state, and functional capacity.
Owing to its strong correlations between PEWand impor-
tant clinical outcomes, SGA is recommended as a com-
ponent of longitudinal monitoring of chronic dialysis
patients by the National Kidney Foundation Kidney
Disease/Dialysis Outcomes and Quality Initiative.29,58,59

Although SGA is a useful tool in CKD, it should be kept
in mind that SGA is a subjective score that may be biased
by inter- and intrapersonal differences.60,61 As such, it is
perhaps best employed in a longitudinal manner by the
same trained clinician to follow patients over time.

B. Dietary Intake Records

The estimation of dietary intake is of central impor-
tance in CKD patients. The most commonly used to
quantify individual intake of nutrients are the dietary
interview, the 24-h dietary recall, and the prospective
dietary record. These tools are useful for the estimation
of macronutrient intake in the clinical setting. While un-
der- or overestimation of dietary intake is common.
These methods have been successfully used in the
CKD patient population. In hemodialysis patients, die-
tary protein intake assessed by prospectively collected
7 -day food records correlated with intake estimated
by normalized protein catabolic rate, and there were sig-
nificant differences in diets between dialysis and non-
dialysis days.62 In a study investigating the accuracy of
food records with regard to energy consumption, energy
intake was evaluated using 4-day food record and
resting energy expenditure (REE) was measured by
indirect calorimetry; energy intake based on 4-day
food diaries was underestimated.63

C. Hand Grip

Handgrip strength testing is a validated noninvasive
modality to evaluate nutrition status in CKD with an
advantage of not being affected by hydration status.64e66

In adults, handgrip strength has been demonstrated to be
an independent predictor of mortality in hemodialysis
patients.67 Further study in children demonstrated that
hand grip strength was below the 10% for age and sex
in w70% of the children with CKD, thus exhibiting that
thismay have utility as a tool for nutritional assessment.68

D. Body Composition

Theoretically, body composition and the whole body
content of muscle, fat, protein, mineral, and water
should reflect long-term dietary intake and nutritional
status. While several methods have been employed to
assess body composition in CKD patients, they each suf-
fer from the impact of variation of body water seen
commonly in this patient group.

E. Bioelectrical Impedance Analysis

Bioelectrical impedance analysis (BIA) and bioelec-
trical impedance spectrometry (BIS) have been pro-
posed as noninvasive, simple, and quick techniques for
measuring body composition. BIA and BIS use measured
variations in electrical currents of one ormore frequencies
passed through the body to estimate body water, fat, and
fat-free mass. However, the difficulty of determining the
amount and distribution of intra- and extracellular water
in CKD patients limits the usefulness of this method for
nutritional assessment. A recent pediatric study on hemo-
dialysis patients demonstrated that BIA overestimated fat
mass in malnourished children and underestimated
fat mass in obese children.69

F. Dual-Energy X-ray Absorptiometry

A more reliable tool to estimate body composition is
dual-energy X-ray absorptiometry (DXA). DXA passes
low-energy X-rays through the body to measure fat mass,
fat-free mass, and bone mineral mass.70 While DXA is
good at measuring fat mass, it is not used routinely in
the CKD clinical setting because of its high cost and in-
accuracy in severely overhydrated patients.63,71

G. Anthropometric Measurement

Midarm muscle circumference area is used to deter-
mine muscle mass reduction in diagnostic criteria of
PEW. Skinfold thickness is an anthropometric measure-
ment widely used in clinical practice because of its low
cost, simplicity, and noninvasive nature. It is used to esti-
mate both fat mass and fat-freemass.72 However, skinfold

Section C. Clinical Nutrition

24. KIDNEY DISEASE AND NUTRITION IN ADULTS AND CHILDREN440



thickness measurements require skilled anthropomet-
rists or the measurement may suffer from a large intra-
and interobserver variability and are modestly reliable.63

Another marker used to determine body fat mass is waist
circumference. It is a simple and easy method and sug-
gested to predict survival in CKD patients.73

VI. PEDIATRIC NUTRITION AND
MALNUTRITION STATUS IN CKD

The second trimester and third trimester of preg-
nancy see a significant increase in the number of fetal
nephrons, the functional working units of the kidney,
completion of human renal development is by
36 weeks.74 For full-term infants, on average, each kid-
ney has an average of 1 million nephrons.75 By 20 weeks
of gestational age, 90% of amniotic fluid volume comes
from the fetal kidneys76 In some children with congen-
ital anomalies of the kidney urinary tract, oligohydram-
nios may be present in utero and also affecting lung size
and maturity (i.e., Potter sequence). Children who sur-
vive may have different electrolyte needs when the
obstruction is corrected surgically and the postobstruc-
tive diuresis occurs.

Wong et al. demonstrated that for every one standard
deviation score decline height in children with CKD
compared to healthy children, there was a 14% increased
risk in mortality.77 Using participant data from the
Chronic Kidney Disease in Children study, Ayesteran
et al. determined that worsening renal function (CKD
stages 4e5) was associated with significant worse appe-
tite and quality of life and increased emergency room
visits and hospitalization.78 Additional studies show
that children with lower BMI prior to kidney transplant
and those who require clean intermittent catheterization
of urine posttransplant remain at highest risk of post-
transplant failure to thrive.79

Malnutrition is associated not only with increased hos-
pitalizations and mortality in children but also with in-
crease arterial stiffness via pulse wave velocity (PWV
measurements) with potential for cardiovascular risks
and decreased 25-OH Vitamin D concentrations.80,81

VII. TREATING NUTRITIONAL
DEFICIENCIES IN PEDIATRIC AND

ADULT CKD PATIENTS

During stages of childhood, growth is influenced by
different parameters: in infancy, growth is primary
driven by nutrition, whereas growth hormone (GH)
and sex hormones play important roles in growth dur-
ing childhood and adolescence.82 Poor growth may

affect the youngest children with CKD the hardest,
when they should be growing rapidly. The primary
nutrition for these infants remains breast milk or
formula.83 In some cases, tubular renal dysfunction
leading to salt wasting may predominate leading to
growth abnormalities.84 Thus, special renal formulas
are available with low potassium and phosphorous
compositions for children with CKD in infants
without access to breast milk.

To treat failure to thrive, one can increase calories
but simply adding extra scoops of formula may not
be idealdsince this can increase protein and solute
load. Thus, we also recommend use of modular
nutrient components including fats, carbohydrates,
etc. Modular additives with only calories and no pro-
tein are also utilized to supplement calories without
significant potassium and sodium affecting renal so-
lute load. Microlipids are used as calorie additives to
enhance nutrition without adding protein.85 Please
refer to Table 24.4 regarding recommended protein
intake per KDOQI.55

In clinical practice, kayexalate, an oral medication, is
utilized to further help lower potassium content in for-
mulas via a method of decanting: liquid or powder
kayexalate is utilized in a titrated ratio (grams of kayex-
alate per milliequivalents of potassium to be removed)
and this is refrigerated for 30 min. The precipitate con-
tains the bound potassium and some calcium and is
discarded. Monitoring for hypokalemia, hypernatre-
mia, and hypocalcemia is recommended.86

Some formula supplements can be used in children
> 1 year of age in the United States, but may be used
earlier in other countries, but it is not intended to be
the sole source of nutrition (Tables 24.5 and 24.6). For
children with motility issues, more elemental formulas
(decanted with kayexyalate it needed) can also be
considered. For older children and adults, there are
some renal formulas that provide primary source nutri-
tion; Coleman et al. demonstrated that gastrostomy
tubes (G-tubes) were integral for infants and children
with CKD to achieve catch-up growth. In this study,
children received 61% of their feeds via G-tube and
able to achieve 116% caloric needs and support enabling
catch-up growth for weight and height.87 Children
ages <2 years have been noted to have the best response
to nutrition interventions while on a dialysis modality.87

In 2019, the Pediatric Renal Nutrition Rask Force pub-
lished guidelines regarding energy and protein require-
ments for infants, children and adolescents with CKD
stages 2e5 (Table 24.7).88

Megestrol acetate has been shown to improve
weight gain in pediatric patients with CKD as well
as adult hemodialysis patients with few side effects
reported.89,90
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VIII. GROWTH HORMONE IN
PEDIATRIC CKD PATIENTS

At least one-third of children with pediatric onset of
CKD have demonstrated impairment in linear growth
despite advances in care over the years.91 Growth insuf-
ficiency has been associated with an increase in mortal-
ity when height is less than one standard deviation with

significant increase in death when height for age is
persistently <first percentile on the growth curve.92

Studies have demonstrated a partial resistance to GH
in CKD due to alternations in phosphorylation of the
JACK2/STAT pathway.93,94 This GH insensitivity can
be treated with more than physiological doses of recom-
binant human GH to stimulate functional insulin-like
growth factor 1.95

The 2008 KDOQI guidelines recommend initiation of
GH therapy if linear catch-up growth has not been
achieved within 3 months of optimized nutrition man-
agement.55 A Consensus Statement from the European
Society of Pediatric Nephrology defined persistent
growth failure as length/height below the 3rd percentile
or height velocity less than the 25th percentile for a
period of 3 months for infants and more than 6 months
in children. Children with CKD stages 3e5 who are
greater than 6 months of age should be prescribed GH
after optimization of nutrition, electrolytes, thyroid
status, dialysis, anemia, and bone disease.96 GH is typi-
cally prescribed at starting doses of 0.05 mg/kg/day as
nightly subcutaneous infusions and continued until
renal transplant. For some children with persistent
growth failure postrenal transplant in steroid-free regi-
mens, children should be considered for GH therapy
for 1 year posttransplant.96

IX. CONTRAINDICATIONS FOR
GROWTH HORMONE THERAPY

GH should not be used in patients with diabetic reti-
nopathy, recent trauma or heart/abdominal surgeries,
and active malignancy.96 In particular, GH should be
avoided in severe secondary hyperparathyroidism
with PTH levels >500 pg/mL due to increases risk of
slipped capital femoral epiphysis in children.97

TABLE 24.5 Recommended dietary protein intake in children with CKD stages 3e5 and 5D.

DRI

Age

DRI

(g/kg/day)

Recommended for CKD

stage 3 (g/kg/day)

(100%e140% DRI)

Recommended for CKD

stages 4e5 (g/kg/day)

(100%e120% DRI)

Recommended for HD

(g/kg/day)a
Recommended for PD

(g/kg/day)b

0e6 months 1.5 1.5e2.1 1.5e1.8 1.6 1.8

7e12 months 1.2 1.2e1.7 1.2e1.5 1.3 1.5

1e3 years 1.05 1.05e1.5 1.05e1.25 1.15 1.3

4e13 years 0.95 0.95e1.35 0.95e1.15 1.05 1.1

14e18 years 0.85 0.85e1.2 0.85e1.05 0.95 1.0

aDRI þ 0.1 g/kg/day to compensate for dialytic losses.
bDRI þ 0.15e0.3 g/kg/day depending on patient age to compensate for peritoneal losses.

TABLE 24.6 Renal formulas and supplementation to optimize
nutrition for patients with CKD.

Supplements

Modular:
DuocalB
(Nutricia North America)

492 kcal/100 g

Modular:
SolcarbB
(Medica Nutrition)

376 kcal/100 g

Modular:
RenastartB
(Nestle)

Not a sole source of nutrition:

477 kcal/100 g

MicrolipidB

(Nestle)
67.5kcal/15 mL

Specialized renal formulas

Infant:
SimilacB PM 60/40
(Abbott Nutrition)

0.68 cal/1 mL

Children/adult:
SuplenaB
(Abbott Nutrition)

1.8 cal/1 mL

Children/adult:
NeproB
(Abbott Nutrition)

1.8 cal/1 mL
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X. RENAL REPLACEMENT THERAPY

When patients reach ESRD, RRT is introduced to
improve uremia to a different degree, depending on
the RRT. While renal transplantation is by far the best
RRT, dialysis has its drawbacks and limitations. Both
the dialyzer membrane in hemodialysis and the perito-
neal membrane in peritoneal membrane patients are
far less selective than the kidney’s glomerular barrier.
Therefore, many essential nutrients are lost into the
dialysate, and the dialysis procedure itself may cause a
transitory inflammatory response stimulating protein
catabolism. Nevertheless, dialysis can improve nutri-
tional status, and that adequate dialysis supports PEW
prevention. It has been demonstrated that adequate

dialysis is a prerequisite for PEW prevention.98 In pa-
tients in whom the dialysis dose does not meet their re-
quirements, uremic intoxication and volume overload
evolve. These factors play an important role in PEW
development. In patients undergoing kidney transplan-
tation, the immunosuppressive therapy, in particular
corticosteroids, may lead to metabolic and nutritional al-
terations including metabolic syndrome and PEW.99

XI. DIETARY COMPOSITION IN CKD

A. Protein

The European Society of Parenteral and Enteral Nutri-
tion (ESPEN) and theNational Kidney Foundation (NKF)

TABLE 24.7 Energy and protein requirements for infants, children and adolescents with CKD2-5D aged 0-18 years.

SDI for energy and protein: birtha to 18 years

Month SDIb energy (kcal/kg/day) SDI protein (g/kg/day) SDI protein (g/day)

0 93-107 1.52-2.5 8-12

1 93-120 1.52-1.8 8-12

2 93-120 1.4-1.52 8-12

3 82-98 1.4-1.52 8-12

4 82-98 1.3-1.52 9-13

5 72-82 1.3-1.52 9-13

6-9 72-82 1.1-1.3 9-14

10-11 72-82 1.1-1.3 9-15

12 72-120 0.9-1.14 11-14

Year SDI energy (kcal/kg/day) SDI protein (g/kg/day) SDI protein (g/day)

Male Female

2 81-95c 79-92c 0.9-1.05 11-15

3 80-82 76-77 0.9-1.05 13-15

4-6 67-93 64-90 0.85-0.95 16-22

7-8 60-77 56-75 0.9-0.95 19-28

9-10 55-69 49-63 0.9-0.95 26-40

11-12 48-63 43-57 0.9-0.95 34-42

13-14 44 63 39-50 0.8-0.9 34-50

15-17 40-55 36-46 0.8-0.9 Male: 52-65
Female: 45-49

For children with poor growth, reference to the SDI for height age may be appropriate. Height age is the age that corresponds to an individual’s height when plotted on

the 50th centile on a growth chart
aThirty-seven/40 weeks gestation. Premature infants have higher energy and protein requirements. The increased need for these and other particular nutrients (sodium, potassium,

calcium, and phosphorus) must be balanced against the nutritional interventions to control the effects of CKD. This is outside the scope of this CPR
bSuggested Dietary Intake (SDI) is based on the Physical Activity Level (PAL) used by the international bodies: 1-3 year PAL 1.4; 4-9 year PAL 1.6; and 10-17 year PAL 1.8. Where

guidelines have given a range of energy requirements for different levels of PAL, the lowest PAL has been taken for SDI energy in consideration that children with CKD are likely to

have low activity levels
cScientific Advisory Committee on Nutrition (9) reports energy requirements as kcal/day: male 1040 kcal/day; female 932 kcal/day
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guidelines recommend that CKD patients stages 4e5
(GFR< 30 mL/min) consume a moderately reduced pro-
tein intake of 0.55e0.60 g/kg/day.100 Averyelow-protein
diet with protein intake of 0.3e0.4 g/kg/day is used in
several countries, and patients receiving such a diet
must be monitored and supported by essential amino
acids or keto acids supplements to avoid a negative nitro-
gen balance.100 The progression of CKD may slow signif-
icantly when following introduction of a low-protein
diet.101e104 Low-protein diets may have additional bene-
fits in CKD patients and lead to a decrease risk in hyper-
kalemia, hyperphosphatemia, metabolic acidosis, and
other electrolyte disorders.105 Furthermore, many of the
clinical and metabolic disturbances characteristic of ure-
mia may be delayed or prevented by the reduction of
nitrogenous wastes and inorganic ions from a diet rich
in protein. There is more variation in protein require-
ments in CKD patients than in healthy patients, as a
result of additional sources of variability such as endo-
crine and biochemical abnormalities, anemia, medica-
tions, physical inactivity, and comorbid conditions. In
addition, some nonessential amino acids become condi-
tionally essential in CKD because of the loss of amino
acid conversion in the kidney and specific effects of the
dialytic process.106 Owing to these factors, it is recom-
mended that CKD patients starting dialysis discontinue
a low-protein diet and have a protein intake of
1.2e1.3 g/kg/day, of which a large part should be pro-
tein of high biological value.29 It is, however, interesting
to note that recent findings suggest that a protein intake
of 0.6e0.8 g of protein/kg/day may lead to improved
preservation of residual renal function without adverse
consequences in dialysis patients.106,107 Thus, whereas
many patients may require less than 1.2 g/kg/day to
maintain nitrogen equilibrium, some patients, e.g., those
who develop PEW, may require higher amounts of pro-
tein and energy.106,108 Indeed, studies have suggested
that some patients may benefit from eating as much as
1.4e2.1 g protein/kg/day, especially during the initial
months of dialysis treatment.106

B. Fat

Fat is the most energy-dense macronutrient and
possibly beneficial to malnourished CKD patients, espe-
cially those on a low-protein diet. However, there are no
studies to indicate optimal amount of fat in the CKD
diet. The ESPEN and NKF KDOQI Guidelines, respec-
tively, for CKD patients recommend a total energy
intake for adults, which is similar to that of the general
population, i.e., 35 kcal/kg/day, and for older adults
(>60 years) 30e35 kcal/kg/day.100,109 For patients at
CKD stages 1e3, the energy requirement is based on
energy expenditure and depends on the underlying
nutritional status of the patient. Thus, those who are
underweight need a high-calorie intake for weight

gain than patients who are of healthy weight or over-
weight.109 Not only the quantity but also the type of
the dietary fat is important. In one study, unsaturated
fat supplementation in hemodialysis patients was asso-
ciated with improved blood lipids, reduced systemic
inflammation, and improved nutritional status.110

C. Carbohydrates

There is no evidence that energy requirements of
CKD patients are systematically different from those of
normal subjects. While most studies have shown normal
REE in both early and late CKD, one study reported
decreased REE in nondialyzed CKD patients.63,111

Thus, an energy intake of at least 35 kcal/kg body
weight is currently recommended in CKD patients.29

Importantly, studies show that most CKD patients
have a lower energy intake, and this may contribute to
PEW.63 In dialysis patients, HD is mostly energy neutral,
while PD patients may absorb about 60% of the dialysate
glucose load (100e200 g glucose/24 h), and this contrib-
utes to energy intake.29,112

D. Vitamins

CKD patients commonly suffer from micronutrient de-
ficiencies.8 Of the water-soluble vitamins that have been
studied, serum ascorbic acid, thiamine (B1), pyridoxine
(B6), and folic acid have all been reported to be low in dial-
ysis patients.113 Thiamin deficiency with associated en-
cephalopathy has been described in dialysis patients and
may be confounded by other neurologic diseases. A
typical thiamine intake of 0.5e1.5 mg/daymay be supple-
mented with 1e5 mg/day of thiamin hydrochloride.
Vitamin B6 coenzymes play a vital role in several aspects
of amino acid utilization, and the need for vitamin B6 is
particularly critical if protein and amino acid intake is
limited.114 Indeed, changes in fasting plasma amino acid
and serum HDL concentration after correction of the
vitamin B6 deficiency in dialysis patients indicate its
role in the pathogenesis of the abnormal amino acid and
lipid metabolism of CKD.115 The daily requirement of pyr-
idoxine may be higher in dialysis patients than in normal
subjects, and dialysis patients should be supplemented
with a minimum of 10 mg of vitamin B6 per day.116 As a
water-soluble vitamin, folate is lost in dialysate. Because
serum folate levels have been reported to be reduced in
CKD, 1 mg folic acid daily supplement is recommended.
High doses of folic acid (5e10 mg/day) have been shown
to reduce elevated plasma homocysteine in dialysis
patients by about two-thirds, and the value was still above
the normal range.117 The questionwhether high dose folate
should be prescribed in order to lower plasma homocyste-
ine to reduce cardiovascular morbidity and mortality in
CKD is still open, and prospective studies are needed.
Furthermore, while supplementation with vitamin C has
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also been recommended in CKD, a high intake of vitamin
C may aggravate hyperoxalemia in dialysis patients, and
controlled trials are also lacking to support this recommen-
dation. Unlike water-soluble vitamins, supplementation of
the fat-soluble vitamins A, D, E, and K is not recommen-
ded on a routine basis to CKD patients.113,118,119 Vitamin
A tends to accumulate in CKDpatients and can potentially
have harmful effects. Vitamin D is converted in the kidney
from 25-hydroxyvitamin D to its active form, 1,25-dihy-
droxyvitamin D. Most patients with advanced CKD,
especially stages 4 and 5, are deficient in 1,25-dihydroxyvi-
tamin D and 25-hydroxyvitamin D, and supplementation
of active 1-25 vitamin D is often given based on bonemeta-
bolic status and taking the risks of hyperphosphatemia
and hypercalcemia into consideration.120 In most studies
of uremic patients, blood vitamin E concentrations have
been found to be normal and stable.121 As vitamin K defi-
ciency may play a role in the development of vascular
calcification in CKD patients, supplementation of vitamin
Kmight be beneficial, but there are no data to support this.
Vitamin E is an antioxidant compound, and it may reduce
cardiovascular disease. This was tested in a randomized
controlled trial with a high dose of vitamin E supplemen-
tation in CKD patients with high cardiovascular risk. This
study found a significant 50% decrease in cardiovascular
incidents as compared with placebo.122

E. Trace Elements

Dietary requirements for trace elements are not well
defined in CKD patients.123 Trace element metabolism
is frequently altered in CKD, and high blood concentra-
tions have been attributed to impaired renal elimination
or mineral contamination of dialysis fluids. Low concen-
trations of trace elements may occur as a result of inad-
equate dietary intake or loss of protein-bound trace
elements into the dialysate.113 Zinc deficiency has been
reported to be common in CKD, and it may be effec-
tively treated by zinc administration in one study.124

These results have not been confirmed and the preva-
lence of zinc deficiency and requirements for extra
zinc in CKD patients remain controversial.113

F. Nutrition Counseling

The goal of nutritional management of CKD patients is
to delay the need for dialysis by using low-protein diets
while maintaining good nutrient intake and nutritional
status.125 Thus, the specialized renal dietitian has a
fundamental role in the assessment and treatment of
CKD patients, and counseling is a part of a multidisci-
plinary care team approach.50 In CKD, both regular die-
tary counseling and protein-energy status assessment
are needed. In order to avoid a decline in nutritional
status during CKD progression, a regular schedule with

follow-up evaluations by dietitians and nephrologists is
recommended.126 According to the KDOQI K/DOQI
Recommendations for Nutritional Management guide-
lines, dietary interviews and counseling in adults should
be provided performed every 3e4 months.127 Multidisci-
plinary care and counseling should be conducted
monthly.54 In addition, serum albumin (although value
as a CKD nutritional biomarker is questionable), together
with body weight and SGA, should be monitored every
1e3 months in adults andmonitoredmonthly in children
with advanced CKD. A key reason for monitoring
protein-energy status is to adjust nutritional intakes to
the patient’s nutritional needs, including optimizing
growth in children, to detect signs of PEWand to identify
patients requiring nutritional support.

G. Intradialytic Nutritional Support

In order to compensate for nutrient losses related to
dialysis treatment and to further improve nutritional sta-
tus of dialysis patients, intradialytic nutritional support
in the form of intravenous (in HD) and intraperitoneal
(in PD) infusions can be part of the nutritional care plan.
Intradialytic parenteral nutrition (IDPN) is an objective
method of protein and energy supplementation in HD pa-
tients. Typically composed of a mixture of amino acids,
dextrose, and lipids, IDPNhas been shown to increase pro-
tein synthesis and decrease protein degradation, resulting
in a highly positive protein balance.128 However, studies
have demonstrated no clear benefit of effective IDPN
over effective oral nutritional support.129 Guidelines
recommend the use of IDPN for wasted subjects in
whom oral nutritional support is ineffective in improving
nutritional status.125 Protein losses into the dialysate in PD
patients are greater than those occurring in HD. Protein
intake ought therefore to be increased in these PD patients.
Moreover, amino acid based peritoneal dialysis fluids have
been developed. In this case, amino acids serve also as an
osmotic factor, instead of the common osmotic agent,
glucose, and can improve protein balance. One PD ex-
change with amino acidebased dialysate in malnourished
subjects treated with PD is usually enough to replace 24 h
of losses of protein and amino acids in PD patients.

H. Preparation for Kidney Transplantation in
Children With CKD/ESRD

Transplantation remains the goal for pediatric CKD
patients; transplantation is associated with increased sur-
vival as well as improvement in neurocognitive develop-
ment and growth.130e132 Prior to renal transplant, many
renal transplant centers aim to increase linear growth ve-
locity as well as reach a weight goal ofw15 kg.133e135 Ku
et al. demonstrated that poor height states and obesity
were associated with reduced chances of receiving
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kidney transplants.136 In our particular center, we aim for
a 10 kg weight goal and 65 cm height goal, which typi-
cally can occur between 1 and 2 years for these children.
Feltran et al. recently found no significant difference in
time to preparation for renal transplant for children
7e15 kg versus this children>15 kg (except in those chil-
dren who required procedures for urinary tract malfor-
mations).137 Thus, in the future, there may be a shift
toward transplantation at lower weight thresholds.

XII. FUTURE DIRECTIONS

PEW has demonstrated to be important in determin-
ing clinical outcomes in patients with CKD, and clinical
research could focus on effective PEW prevention and
treatment in children and adults. It is essential that
nutritional requirements be met, but this may not be
sufficient for prevention and treatment of PEW. As mal-
nutrition is not the main determinant of PEW in CKD pa-
tients who suffer from somany other catabolic conditions,
e.g., chronic systemic inflammation and comorbidities,
contributing to PEW anddby other mechanismsdto
poor clinical outcomes. The number of adequately pow-
ered RCTs in this field is very limited. New trials could
verify the usefulness of nutritional initiatives in CKD pa-
tients. Such trials should aim at evaluating the impact of
particular nutritional interventions, not only on nutrition
indices but also on mortality of CKD patients. PEW is a
multifactorial process, and interventions targeted against
several factors responsible for PEW could have a sign-
ificant impact on patient outcomes. Improvement in nut-
ritional assessments and ideal nutritional support in
patients with kidney diseases will lead to improvements
in clinical outcomes.
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SUMMARY

Alcohol is globally a major component of daily life and nutrition. Presently, about 61% of US adults are
current drinkers. Due to its metabolic characteristics, alcohol as a function of the absolute amount
consumed, consumption frequency, genetic factors etc., has a high potential to affect most metabolic
pathways and cell and organ function including the metabolism and nutriture of all macro- and micro-
nutrients. In this chapter, the present knowledge of the effects of alcohol on selected nutrients as well as
health and disease burden will be summarized.

Keywords: Alcohol; Cardiovascular disease risk; Disease risk; Ethanol; Metabolism; Nutrition; Safe intake level;
Vitamins.

I. INTRODUCTION

Alcohola is globally a major component of daily life,
contributing with it’s Janus-faced characteristics a
perceived pleasure and at the same time contributing
to 5% of the Global Burden of Disease (GBD).1 Presently,
about 61% of US adults (67% of men and 55% of women)
are current drinkers, about 14% were former drinkers,
24% of the adults were lifetime abstainers, and
approximately 5% of the adults were classified as heav-
ier drinkers.2,3 According to a modeling study, global
per capita alcohol consumption (pure alcohol per
adult �15 years) increased between 1990 and 2017
from 5.9 L (95% CI 5$8e6$1) to 6$5 L (6$0e6$9), further
increasing till 2030 to 7$6 L (6$5e10$2).4 Similarly,
several representative US surveys reported an increased
consumption during the last decades.5 In the United
States, the prevalence of 12 month DSM-IV alcohol use
disorders (AUD) among alcohol users increased
between 2001e02 and 2012e13 from 12.9% to 17.5%;
the increase was mainly seen in women, older adults,

and socioeconomically disadvantaged individuals.6

Currently, alcohol-related health inequalities increase
and the gender gap in AUD closes and alcohol-related
emergency department consultations increase.7 Despite
the wide acceptance of alcohol, it remains an important
cause and modulator of disease risk and modulator of
life expectancy8: the harmful use of alcohol is a causal
factor in more than 200 disease states leading worldwide
to about 3 million (5.3% of total) deaths1 and 132.6
million (5.2% of total) of disability-adjusted life years.1

The alcohol consumption patterns vary greatly from
one country or geographic areas to the other. For
instance, in China, heavy alcohol consumption showed
in <20 years a 70-fold increase creating a new health
challenges, due to Asian unique characteristics in
alcohol metabolism, lifestyle and behavior, consumption
patterns, and last but not least nutrition.9 Among adults
younger than 69 years, alcohol was responsible for 7.2%
of premature mortality, affecting disproportionally more
often individuals at younger age.1 With approximately
88,000 deaths per year attributable to excessive drinking,

a The terms “alcohol” and “ethanol” are used interchangeably denoting ethyl alcohol (C2H5-OH).
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alcohol consumption represents the third leading cause
of death after tobacco and poor diet and physical inac-
tivity.10 In view of the aging population, alcohol as a
risk factor for dementia should not be underestimated.
57% of individuals with the diagnosis of early onset de-
mentia had also an AUD.11

Compared with other food items, alcohol has three
characteristic features: depending on the absolute
amount and frequency of consumption, it can be
regarded as a nutrient, a toxin, or a psychoactive drug.
Alcohol consumption is a very complex behavior, and
each society (including the political decision makers)
and each consumer determines which aspect of alcohol
will prevail.

For the purposes of this discussion, one “standard”
drink (or one alcohol drink equivalent) corresponds
to approximately 14 g (range 12e15g) of pure alcohol,
which is contained in approximately 12 fl did (fl) ounces
(350 mL) of beer (5% alcohol by volume), 8e9 fl ounces
(235e260 mL) of malt liquor (7%), 5 fl ounces of wine
(150 mL) of table wine (12%e13%), or 1.5 fl ounces
(45e50 mL) of distilled spirits (40%)12,13 (Fig. 25.1). The
definition of a standard drink is getting increasingly
complicated, since newly designed beverages contain
varying amounts of alcohol, and many product names
and designations are (often intentionally) misleading for
most consumers.14 Presently, moderate drinking is
defined as up to one drink per day for women and two
drinks per day for men. A review of alcohol’s effects on
selected nutrients and on health and disease risk follows.

II. ALCOHOL METABOLISM

Alcohol is rapidly absorbed from the stomach and the
jejunum and is distributed in the total water compart-
ment of the body. Alcohol can be metabolized via three
different enzyme systems (depending on the dose and
frequency of consumption) (Fig. 25.2). In light-
moderate consumers, alcohol is metabolized in the liver
catalyzed by the cytosolic alcohol dehydrogenase
(ADH); however, a small amount may be metabolized
in the stomach mucosa (i.e., during the first-pass meta-
bolism)15 or by a nonoxidative pathway leading to fatty
acid ethyl esters (FAEEs), ethyl glucuronide (EtG), and
phosphatidylethanol,16 which might be useful as bio-
markers for alcohol intake.17 Alcohol metabolism by
peroxisomal catalase is only of minor importance. The
first-pass metabolism in the stomach is higher in men
than in women, declines with age, and is reduced by
bariatric surgery18 and certain drugs, e.g., aspirin. For
higher levels of intake, alcohol is predominantly metab-
olized in the inducible microsomal ethanol oxidizing
system (MEOS),19 which depends on different cyto-
chrome P450 isoenzymes20 (Fig. 25.2). The oxidation of
alcohol in both the ADH and the MEOS pathway leads
to the production of acetaldehyde, which is further
metabolized to acetate by acetaldehyde dehydrogenase
(ALDH). Acetate is shuttled to the peripheral tissues
and used as a source of energy.

Because of its potential toxicity and the inability of the
body to store alcohol, it has to be eliminated as quickly as

FIGURE 25.1 Equivalences between different alcoholic beverages, amount of alcohol, and number of drinks per common containers. From

Arab et al.38
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possible from the body. This absolute priority in meta-
bolism is a major cause of the metabolic effects of alcohol
on nearly all nutrients, metabolic pathways, on all organ
systems, and, finally, on disease risks. Many societal, indi-
vidual, and genetic factors determine the health and
nutritional effects of alcohol21e24 (Figs. 25.3 and 25.4).
The metabolism of alcohol induces a change in the redox
potential in the liver, reactive oxygen and nitrogen spe-
cies, cofactor depletion (e.g., NADþ), an impaired cellular
energy homeostasis, alterations inmembrane fluidity, and
acetaldehyde toxicity (Figs. 25.2 and 25.4).24 These
changes contribute to different metabolic and clinical
consequences and to functional abnormalities such as
suppression of the Krebs cycle, with an increased trans-
formation of pyruvate to lactate, impaired gluconeogen-
esis and hypoglycemia, greater fatty acid (FA) synthesis,
reduced urate excretion, and hyperuricemia25. Acetalde-
hyde leads to many different effects, such as increased
free radical production and lipid peroxidation, inhibition
of protein synthesis, and impaired vitamin
metabolism.26,27 Indirect mechanisms include pathologies
due to extracellular vesicles such as exosomes or microve-
sicles,28 altered methylation,29 or mitochondrial dysfunc-
tion to mention just a few.30

Alcohol metabolism shows a wide interindividual
variability (Fig. 25.3) that is modulated by different
genotypes of the alcohol-metabolizing enzymes ADH
and ALDH.22,31 Depending on the ADH genotype,
higher maximal alcohol and acetaldehyde concentra-
tions and a slower alcohol elimination are found, a situ-
ation that may lead to increased direct and indirect
alcohol toxicity and thus a different alcohol-related

disease pattern. In many people of Asian origin, the ac-
tivity of ALDH may be low and thus cause a typical
facial flushing reaction and headaches after ingestion
of even small amounts of alcohol.

Although the capacity to metabolize alcohol varies
widely, a healthy person metabolizes 5e7 g/h alcohol
on average. There is no useful and safe strategy (except
a high fructose intake leading to a reduced nicotinamide
adenine dinucleotide reoxidation) known to increase the
rate of alcohol degradation.

III. THE NUTRITIONAL ASSESSMENT
OF THE ALCOHOLIC PATIENT

Nutritional assessment of the alcoholic patient is a
challenging task with risk of over- and underreporting
of alcohol intake.32 In (heavy) alcohol consumers, a
nutritional evaluation is a mandatory complementary
procedure to the usual medical care33e35; however, the
ideal screening tool is controversial36 and depends on
the clinical setting and different guidelines for patients
with alcoholic liver disease (ALD) are available.35,37e39

The clinical signs of alcohol-related malnutrition
depend on the stage of alcoholism, the level of socioeco-
nomic integration, social and familial networks, associ-
ated alcohol- and nonealcohol-related diseases
(especially liver disease), and concomitant medication
intake40 (Figs. 25.3 and 25.4). Socioeconomically inte-
grated heavy drinkers without clinically visible somatic
diseases rarely show signs of malnutrition,41 although
the dietary pattern may be already affected.42 With the

FIGURE 25.2 Alcohol metabolism. From Mandal et al.493
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progression of alcoholism, different clinical signs of
malnutrition may be found; for example, thin arms
and legs due to muscle wasting43 and myopathy,44e47

edema (protein deficiency), glossitis (vitamin B defi-
ciency), and scaly, dry skin (zinc and essential FA defi-
ciency). Spider naevi and multiple hematomas due to
easy bruising (vitamin C and K deficiency) may
occur.48,49 The parotid glands are often enlarged due to
chronic parotitis. The patients may present with new
bone fractures and several old costal fractures, and
advanced osteoporosis (especially in men).50 Alcohol-
associated endocrine pathologies may lead to
gynecomastia, testicular atrophy, and loss of body hair.
Neurological signs may be limited to peripheral neurop-
athy (vitamin B deficiency), different central nervous
system impairments (see Section IX.A), or the full clin-
ical picture of stroke or dementia. An impaired dark
adaptation due to zinc deficiency is fairly common and

should not be misinterpreted as vitamin A deficiency.
In general, the nutritional assessment of the alcoholic
patient is not different from the assessment of other pa-
tients. The biochemical assessment includes measure-
ment of the conventional alcohol markers (i.e., liver
transaminase levels and red blood cell mean cell vol-
ume) in combination with biochemical markers of nutri-
tional status.34 Other biochemical markers for alcohol
consumption (such as carbohydrate-deficient transferrin
[CDT] or FAEEs or EtG), ethyl sulfate in blood/urine,
may be helpful.51e55 The measurement of FAEE or EtG
in hair allows the assessment of alcohol intake over a
period of up to 6 months.55 A chronic alcohol consump-
tion (>7 days) in the range of 50e70 g/d induces the he-
patocyte to produce a transferrin molecule that is
deficient in carbohydrates. The CDT is a marker for sus-
tained and harmful alcohol consumption and normal-
izes slowly upon cessation of alcohol intake. Elevated
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levels of high-density lipoprotein (HDL) cholesterol,
uric acid, and fasting triacylglycerol levels without other
explanation may be signs of excessive alcohol intake.

The assessment of alcohol intake at either the popula-
tion or individual level is still very difficult. Although
heavy alcohol intake is detected sooner or later by typical
clinical signs or laboratory test results, there is no reliable
clinical sign of biochemical marker for the assessment of
light-to-moderate alcohol intake. Intentional or uninten-
tional underreporting and overreporting occurs
frequently. The difficulty in assessing low-to-moderate
levels of alcohol consumption represents probably one
of the most important causes for inconsistent research
findings. New technologies such as wearable electro-
chemical biosensors56,57 might be a promising and reli-
able approach in the not-too-distant future.

IV. ALCOHOL AND NUTRITION

As a function of the amount of alcohol consumed, the
duration of intake, and any associated diseases and
medication intake, drinking can impair the nutritional

status of all nutrients (Figs. 25.3 and 25.4). Alcohol-
associated malnutrition includes both primary and sec-
ondary malnutrition.58 At low levels of alcohol intake,
appetite and food intake is enhanced (“apéritif
effect”).59,60 At higher consumption levels, due to
many direct and indirect effects on food intake regula-
tion, alcohol displaces other energy sources and thus
many essential nutrients in the diet, thereby lowering
the intake of most nutrients (primary malnutrition).
Gastrointestinal and metabolic complications of heavy
alcohol intake (especially liver dysfunction) lead to so-
called secondary malnutrition. Anorexia and vomiting
from alcoholic gastritis further promote inadequate in-
takes of food. Malabsorption of nearly all nutrients can
develop as a result of mucosal dysfunction, liver insuffi-
ciency, and pancreatic insufficiency.61 Alcoholic liver
dysfunction causes a reduced capacity to transport nu-
trients in the blood, a reduced storage capacity, and an
insufficient activation of nutrients such as vitamins. In
addition, alcohol increases the excretion of nutrients in
the urine and bile. In alcoholic patients, several mecha-
nisms for the development of malnutrition usually occur
simultaneously (Table 25.1).61

FIGURE 25.4 Determinants, modulators, and mechanisms of the metabolic and toxic effects of alcohol. From Rusyn et al.24
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V. ALCOHOL AND ENERGY
METABOLISM

The energy content of alcohol, compared with other
energy sources, is rather high (1 g alcohol ¼ 7.1 kcal ¼
29.7 kJ), thus representing an important source of energy
contributing to about 4.3% of the total energy intake at
the whole population level depending on age, sex, and
socioeconomic status and contributing 17.2% of the en-
ergy intake in alcohol consumers.62 In heavy drinkers,
alcohol may contribute up to 50% of the daily energy
intake, thus having a high potential to displace other
food (Fig. 25.5). Alcohol’s calories are unregulated,
empty calories.63,64 For weight maintenance, the energy
balance has to be equilibrated, and alcohol has been

reported to affect all components of the energy balance
negatively, favoring a positive energy balance.65

Moderate drinkers generally add alcohol to their
usual food intake, a positive energy balance with an
increased risk for weight gain, and obesity will result
unless compensated for by other means. This risk is
increased by the combination of a high-fat diet and
even in the moderate intake range due to the hyper-
phagic effect of alcohol.66 Alcohol substitution (i.e., the
usual food energy sources are substituted by alcohol)
is the typical feature of the heavy drinker and will result
in malnutrition and weight loss.

Alcohol leads to an increase of energy expenditure. In
an indirect calorimetry study in young, moderate
drinkers, the addition and the substitution of 25% of
their energy requirements (corresponding to 96 � 4 g
alcohol) by alcohol leads to increasing energy expendi-
tures of 7% � 1% and 4% � 1%, respectively.67 The
increase of energy expenditure corresponds to a thermic
effect of 20%e25% of the energy content of the ingested
alcohol. Other studies65,68 reported a similar thermic ef-
fect of alcohol in healthy, moderate consumers in the
range of 15%e25%, which is rather high compared
with other energy sources (e.g., the thermic effect of a
mixed meal is approximately 12%).

Presently, it is not completely clear what fraction of
the alcohol energy could be used for adenosine triphos-
phate (ATP) production. In their classical studies nearly
120 years ago, Atwater and Benedict69 suggested that
alcohol energy seems to be equivalent to the energy of
carbohydrates or fat. However, subsequent studies
revealed that as a function of the pathway of the meta-
bolic degradation of alcohol (i.e., ADH vs. MEOS), lower
amounts of ATP are produced than theoretical
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TABLE 25.1 Alcohol and nutritional status: possible mechanisms
of the alcohol-mediated toxicity on nutrition.

Mechanisms Possible causes

Reduced dietary intake • Poverty
• Displacement of normal food
• Inappetence due to direct alcohol toxicity

and secondary due to disease (e.g.,
alcoholic gastritis)

• Anorexia due to medications

Impaired digestion • Alcoholic gastritis
• Impaired bile and pancreatic enzymes

secretion
• Direct mucosal damage and impairment

of mucosal enzymes (e.g., folyl
conjugase)

• Altered gastrointestinal mobility

Malabsorption • Direct mucosal damage
• Indirect damage (e.g., due to folate

deficiency)
• Motility changes including accelerated

small intestinal transit time and diarrhea
• Pancreatic insufficiency
• Interactions with medications

Impaired transport in
the circulation

• Decreased synthesis of transport proteins
due to liver damage

Impaired activation • Liver damage
• Inadequate supply of cofactors
• Cellular dysfunction

Decreased storage • Liver pathology
• Alcoholic myopathy/sarcopenia/

cachexia

Increased losses • Increased excretion in urine and bile
• Increased urinary losses due to

medications
• Increased fecal losses

Increased requirements • Due to the above factors
• Increased metabolic rate
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calculations would suggest.70 Despite some energy
wastage, alcohol calories are largely a useable energy
source in the moderate consumer.

Alcohol also affects the energy balance equation by its
effects on substrate balance. Independently, whether
alcohol is added to or substituted for usual food, lipid
oxidation is suppressed approximately by a third,67

producing a positive fat balance. The positive fat balance
is not caused by a de novo lipogenesis from alcohol, but
due to acetate being used in the peripheral organs as a
source of energy at the expense of a lower fat oxidation.
Use of stable isotope mass spectrometry techniques has
shown that most (98%) of the carbons of a moderate
alcohol load (25 g) are transported as acetate to the pe-
ripheral tissues, and only a negligible amount of the
ingested dose (<1%) is used for de novo lipogenesis.71

Despite these effects of alcohol on energy balance,
some epidemiological and experimental studies were
unable to identify moderate alcohol consumption as a
risk factor for obesity.72e76 Cross-sectional studies
described positive or null associations between alcohol
intake and body weight in men and inverse or null in
women. There are only a few prospective studies about
this association, and they are equally controversial. Data
from a 13 year follow-up in the Women’s Health Study74

found that initially normal weight light-to-moderate
alcohol consuming women gained less weight and had
a lower risk of becoming overweight and/or obese as
compared with nondrinking women. These controver-
sial findings are not surprising in view of the difficulty
in assessing alcohol intake and other lifestyle parame-
ters that may compensate for some of the effects of
alcohol. Further on, socioeconomic factors determine
alcohol consumption pattern and health behaviors2

including coping with factors affecting body weight
changes that explain the controversial outcomes in
most if not all studies.77 Because of the suppression of
lipid oxidation and the resulting positive energy bal-
ance, even moderate amounts of alcohol have to be
regarded as a risk factor for weight gain and obesity
when not counterbalanced by other means (i.e., reduced
energy intake and/or increased energy expenditure by
physical activity). To counteract the effects of alcohol
on fat oxidation, fat intake should be kept as low as
possible, and whenever alcohol is consumed, fat intake
has to be reduced ideally in proportion to the amount
of alcohol ingested to remain in substrate balance. In
agreement with data from well-controlled metabolic
studies, different intervention studies (including the
Look AHEAD trial) showed that alcohol consumption
was related to a worse long-term weight loss outcome.78

Regular heavy alcohol intake in young adults leads to a
higher risk for weight gain and higher chances of transi-
tioning to overweight/obesity.79

Alcohol enhances the abdominal deposition of
fat,80,81 representing a typical feature of the metabolic
syndrome, which is associated with several adverse
health outcomes such as hypertension or dyslipi
demia.82,83 Again, the later relationship is complicated
by epidemiologic findings reporting a lower prevalence
of the typical features of the metabolic syndrome in
mild-to-moderate alcohol consumers.84,85 Based on the
present evidence, it seems to be warranted to conclude
that alcohol consumption is a risk factor for obesity in
many individuals.86

VI. EFFECTS OF ALCOHOL ON LIPID
METABOLISM

As a function of the amount consumed, the fre-
quency of drinking, presence of concomitant diseases
(especially liver disease, overweight, and obesity,
diabetes mellitus type 2), and other characteristics of
the consumer (such as gender, age, polypmorphisms
of alcohol-metabolizing enzymes, beverage choice, or
overall lifestyle),87,88 alcohol affects all lipoprotein frac-
tions in the blood.89e91 The development of alcohol-
related fatty liver (hepatic steatosis) disease, a common
characteristic early sign of ALD, is caused by many
mechanisms affecting nearly all pathways and aspects
of hepatic lipid metabolism92 such as increased expres-
sion of hepatic FA transporters, the alcohol-induced
suppression of lipid oxidation in the liver, by an
increased influx of fat from the peripheral tissues,93

alcohol-induced alterations of transcriptional controls
of lipid metabolism,93 endoplasmatic reticulum stress,
direct effects on lipogenic enzymes,92 disturbances in
hepatic circadian clock,94,95 or alterations of the gut
microbiome.96 Alcohol affects the hepatic FA pool so
that hepatic lipidomic studies might assist to elucidate
the pathway to understand the alcohol-associated
pathway to liver disease.97 Already early changes in
liver function are associated with the typical constella-
tions of alcoholic hyperlipidemia, which include
elevated serum triacylglycerol levels caused by an
increased hepatic secretion of very low-density lipo-
proteins (VLDL) mediated by an upregulation of apoli-
poprotein B synthesis98 and alcohol-induced injury to
peripheral removal of the VLDLs resulting from an
impaired lipoprotein lipase activity99 and suppression
of lipid oxidation.

The alcohol-induced rise in triacylglycerol levels is
potentiated by a high-fat diet. The effects of alcohol on
triacylgylcerol levels are also seen during the postpran-
dial phase; however, they can be partially counteracted
by a concomitant reduction in fat intake and/or higher
physical activity before or after the meal.100 Obviously,
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the response to alcohol might vary in certain subgroups
of the population as a function of genetic and/or envi-
ronmental factors, and a even a J-shaped relation be-
tween alcohol intake and plasma triacylglycerol levels
has been reported,101,102 which cannot be readily
explained and which might be due to other lifestyle fac-
tors. Most of the evidence shows that the triglyceride-
rising effect is beverage-type independent.

Except in the setting of severe liver disease, the chronic
moderate ingestion of alcohol leads to a doseeresponse-
dependent increase in HDL cholesterol103,104 and is
associated with a smaller longitudinal decline in HDL
cholesterol concentration.103 Alcohol could accelerate
cholesterol clearance by PPARg and SR-B1emediated
increased reverse cholesterol transport.105 However,
heavier alcohol consumption is associated with lower
HDL cholesterol due to an impaired liver function.106

The HDL cholesteroleincreasing effects are regarded as
a potential mechanism for the cardioprotective effects of
alcohol,107,108 although HDL function might be more
important than the absolute HDL concentration.109 The
alcohol-associated increase in HDL cholesterol may
havemultiple causes, including an increased hepatic pro-
duction and secretion of apoproteins AI and AII,110 an
increased peripheral production due to lipid exchange
within the different lipoprotein fractions, and a decreased
catabolism of the HDL particle caused by alcohol’s effects
on specific enzymes involved in lipid transfer or effects
on postprandial lipemia.93,111 The HDL-raising effects of
alcohol are nonlinear, showing a threshold effect on
HDL cholesterol,112 and depend on different factors
such as gender, body mass index (BMI), smoking habits,
and genotype (e.g., ADH or apolipoprotein E geno-
type)113 and also affect all HDL subfractions. One
study113 reported that only in women with the apolipo-
protein E genotype ε4/3 does alcohol consumption inten-
sify the increase in low-density lipoprotein (LDL)
cholesterol and the decrease in HDL cholesterol associ-
ated with increasing BMI. In this context, it should be
recalled that obesity (besides physical inactivity and
smoking and genetics) represents one of the major causes
of low HDL cholesterol.

The effects of alcohol on LDL cholesterol are only
minor and less consistent110 than the effects on the other
lipoprotein fractions. In animal studies, alcohol led to a
decrease in LDL clearance due to a decreased hepatic
LDL receptor expression and specific effects on signaling
pathways in lipid metabolism.93 Alcohol may unfavor-
ably affect the size of the lipoprotein particles, especially
also increase the proatherogenic small dense LDL
particles.110,114 The role of certain polyphenolic
compounds of wine as modulators of LDL oxidation
rates in vivo is uncertain,115 especially given the strong
prooxidative effects of alcohol and the extremely variable

bioavailability and bioefficacy of these compounds.116,117

The effect of alcohol on the atherogenic lipoprotein (a) is
controversial118: moderate consumption led to a
lowering, heavy consumption had no effect; the effect
according to the beverage type is also not clear. A minor
fraction of ethanol is metabolized by the formation of
FAEEs,119 and they may be of pathophysiologic relevance
in the development of alcohol-related pathologies.120

Synthetically produced omega-3-fatty acid ethyl esters
might be therapeutically useful for triglyceride lowering
and control of cardiovascular risk.121,122

VII. ALCOHOL ANDCARBOHYDRATE
METABOLISM

The effects of alcohol on glucose handling are multi-
ple and a function of the dosage, duration of alcohol
intake, and overall nutritional status.123,124 In healthy,
moderate drinkers with normal food intake, alcohol’s ef-
fects on carbohydrate metabolism are hardly of any clin-
ical relevance. By contrast, excessive alcohol
consumption may be associated with the typical clinical
entity of alcoholic pancreatitis,125 which results in
exocrine pancreatic insufficiency with maldigestion
and malabsorption. The reduced forms of nicotinamide
adenine dinucleotide (NADH) and acetate produced
during alcohol metabolism represent major modulators
of glucose metabolism.

The increased production of reducing equivalents
caused by the oxidation of alcohol leads to a decrease
in gluconeogenesis.126 This decrease may bring about
clinically dangerous and life-threatening hypoglycemia,
especially in the heavy drinker with an overall inade-
quate diet and poor intake of carbohydrates (and thus
low glycogen stores).127 This effect is being reinforced
in people with diabetes by the ingestion of oral hypogly-
caemic agents, insulin, or both128 and after longer fasting
periods. The alcohol-induced reduction in gluconeogen-
esis also occurs in the fed state but is usually compen-
sated for by the glucose in the ingested food. The
clinical features of hypoglycemia may share some of
the signs of alcohol intoxication and could thus be mis-
diagnosed as simple alcohol intoxication with delete-
rious health consequences. In addition, alcohol
produces changes in the secretory response of different
counterregulatory hormones (such as epinephrine or
growth hormone), thus resulting in an absence of the po-
tential clinical warning signs of hypoglycemia.128

Alcohol also inhibits the storage of glycogen, further
increasing the predisposition to hypoglycemia when
carbohydrate intake is insufficient. Light-to-moderate
amounts of alcohol are inversely related to fasting and
postload insulin levels.129
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VIII. EFFECT OF ALCOHOL ON FAT-
SOLUBLE VITAMINS

A. Vitamin A

Alcohol may interfere with the metabolism of all fat-
soluble vitamins. Retinol (vitamin A), also an alcohol,
shares some metabolic pathways with ethanol and
thus leading to a high potential of interaction.130 In light
to moderate drinkers, vitamin A metabolism is not
altered. Despite low intakes, frank vitamin A deficiency
is rarely seen in alcoholics, probably because of the
rather large hepatic stores of this vitamin. However,
chronic alcohol consumption may lead to low levels of
vitamin A in plasma, and when ALD is present,
decreased hepatic vitamin A levels are found. These
lower liver levels are a result of an initial rapid mobiliza-
tion of the hepatic stores (leading to increased levels in
extrahepatic tissues), followed by an increased degrada-
tion of the vitamin as a consequence of the induction of
microsomal enzymes131,132 and the alcohol-induced
decreased synthesis of retinol-binding protein.133 This
condition may lead to the prescription of vitamin A sup-
plements; however, higher levels of vitamin A intake
(independent of alcohol intake) are associated with
considerable hepatotoxicity,131 and alcohol represents
one of the most important modulators of vitamin A
toxicity, especially in the presence of liver disease. In
the setting of chronic alcohol consumption, an increased
production of polar retinol metabolites seems to be a
central mechanism of hepatocellular damage.134 A
tissue-specific increase in endogenous all-trans retinoic
acid may contribute to chronic ethanol toxicity.135,136

Further, alcohol affects the expression and activation of
retinoic acid receptors, thus impairing different
signaling pathways.137 Alcohol stimulates retinyl ester
hydrolysis associated with an initial increased retinyl
ester synthesis, but with an altered composition of the
hepatic retinyl esters.138

Although the vitamin A precursor beta-carotene is
thought to bear no toxicity in humans, one epidemiolog-
ical study reported an increased lung cancer rate in beta-
caroteneesupplemented smokers, especially in those
who were also drinking alcohol, an increase most likely
due to alcohol-induced alterations in the beta-carotene
metabolism.139 The negative effects of alcohol observed
in this studywere seen at rather low consumption levels,
starting at �12.9 g/d. Although heavy drinkers
(�200 g/d) show lower beta-carotene plasma concentra-
tions than do control subjects, they show higher beta-
carotene serum levels than those drinking less.140 These
higher levels may be caused by an impaired utilization
or excretion of beta-carotene due to liver damage or a
partial shift in the degradation of beta-carotene from
central cleavage to eccentric cleavage.131,141 Chronic

alcohol intake upregulates the hepatic expression of
the carotenoid cleavage enzymes (15,150-monooxyge-
nase 1 (CMO1)) and to a lesser extend also CMO2.141

Despite some contradictory results,142 it is not advisable
to routinely prescribe either high-dose beta-carotene,
other carotenoids (e.g., lycopene),143,144 or vitamin A
supplements to (heavy) alcohol consumers. Retinoic
acid, a metabolite of dietary vitamin A, functions as a
ligand for different nuclear receptor transcription
factors. Alcohol might interfere with these signaling
pathways, and it was suggested that acetaldehyde-
induced altered retinoic acid signaling pathways may
be involved in the fetal alcohol syndrome disorders145

and other pathologies.

B. Vitamin E

Vitamin E intake and plasma and hepatic levels of
vitamin E are reduced in chronic alcohol consumers in-
dependent of cirrhosis as a result of reduced intake and
higher requirements.146,147 The effects of alcohol on
lowering antioxidant status are already seen at moderate
consumption levels.148,149 Vitamin E supplementation
may reduce alcohol-induced lipid peroxidation; howev-
er, it is not clear how vitamin E supplementation will
affect laboratory or clinical outcomes,150e152 and pres-
ently, vitamin E therapy has not yet found its way into
the guidelines for ALD35,153 (contrary to NASH).37

Recently, RRR-alpha-tocopherol154 was reported to
decrease hepatic de novo lipogenesis. Tocotrienol,155

an isoform of vitamin E, has been reported to have
protective effects in a rat model on the development of
alcoholic neuropathy,156 neuroinflammation,157 or also
alcohol-induced small intestinal damage.

C. Vitamin K

Data about the effect of alcohol on vitamin K nutriture
is scarce. Acute and chronic alcohol consumption has
been reported to lead to alterations in gamma-
carboxylated molecules such as osteocalcin158 or pro-
thrombin.159 In the setting of ALD, vitamin K might
have favorable effects on bone health.160 Alcohol con-
sumption is a risk factor for bleeding in patients under
treatment with vitamin K antagonists.161

D. Vitamin D

Heavier drinkers have a lower vitamin D intake,
malabsorption, lower rate of sun exposure, lower hepat-
ic and renal activation of vitamin D,162 and an increased
degradation leading to lower serum/plasma vitamin D
(metabolites) levels.163,164 Moderate alcohol intake does
most likely not affect vitamin D nutriture.165 Heavier
alcohol consumption (with and without liver disease)
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may be associated with an increased fracture risk due to
indirect and direct alcohol effects on bone metabolism
and on vitamin D metabolism.166e168 In addition,
because of alcohol’s effects on the target organs, tissue-
specific vitamin D effects may be impaired. An inverse
association between vitamin D status and alcoholic
steatohepatitis169 or vascular calcifications170 has been
reported. There may be a relationship between vitamin
D deficiency and alcoholic myopathy.170e172.

IX. EFFECTS OF ALCOHOL ON
WATER-SOLUBLE VITAMINS

All water-soluble vitamins may be affected by the
ingestion of alcohol, and the effects on water-soluble
vitamin metabolism are dose dependent. In the range
of light-to-moderate alcohol intake in healthy subjects
eating a balanced diet, no adverse effects are expected.
In heavy drinkers, a deficiency of several vitamins is
usually present,173 so the typical clinical signs of vitamin
deficiency are not necessarily seen.

A. Thiamin

Heavy alcohol intake represents a major cause and
predictor of thiamin deficiency in the US population.174

Up to 80% of heavy drinkers have impaired thiamin
nutriture independent of the presence of liver disease.
Insufficient dietary intake, malabsorption,175 increased
metabolic demands, insufficient activation, reduced he-
patic stores, and an increased urinary excretion are the
major causes of thiamin deficiency in alcoholics.176 Low
doses of thiamin are absorbed by a carrier-mediated
active process or at high concentrations by passive
diffusion.177,178 Among chronic alcohol consumers,
vitamin B1 intake is generally low so that the vitamin is
principally absorbed by the active rate-limited, carrier-
mediated process. The cellular transport (e.g., uptake
into the brain or any other organ)179 of thiamin is medi-
ated by two specific thiamin transporters (THTR1 and
THTR2), which are also negatively affected by chronic
alcohol consumption.180,181 Even in nonalcoholic subjects,
active thiamin absorption is inhibited by an acute single
dose of alcohol and abstinence leads to improved absorp-
tion.182 Alcohol also induces a reduction in the activation
of thiamin by phosphorylation and an increase in the
dephosphorylation of phosphorylated thiamin; these
effects are potentiated in the presence of liver disease.
Thiamin losses in urine may increase by alcohol intake
due to a decreased and impaired transport across the
renal epithelia.180 The thiamin storage capacity is
reduced due to liver abnormalities and decreased muscle

mass.183 Alcohol induces specific alterations of thiamin
metabolism in the central nervous system,184,185 thereby
producing the typical clinical symptoms of Wernicke-
Korsakoff syndrome. Wernicke-Korsakoff syndrome is
probably the only medical emergency situation involving
vitamin deficiencies: the neurological condition has to be
treated immediately with parenteral thiamin.186 The
syndrome shows typical clinical features including en-
cephalopathy (altered consciousness, psychosis), oculo-
motor dysfunction (eye muscle paralysis), and gait
ataxia.186e189 The combination of pregnancy and thiamin
deficiency potentiates synergistically the negative effects
of alcohol on the fetal brain development.190 Bariatric
patients drinking alcohol are at increased risk for thiamin
deficiency.191e193 Other at-risk population is psychiatric
patients194 or patients with a (septic) shock.195

Although no prospective evidence supports the
routine preventive administration of several vitamins to
alcoholic patients, there is enough rationale for a benefit
of vitamin B supplementation in these patients.196

Research has shown that the neurotoxic effects of alcohol
may be potentiated even in subclinical thiamin defi-
ciency,197 and a strong synergism198,199 for the negative
effects on the brain is known. Accordingly, if alcohol
abuse cannot be controlled, the preventive supplementa-
tion of thiamin and other B vitamins is indicated.11,196 An
adequate supply of magnesium is crucial200e203 to assure
optimal utilization of thiamin. In the alcoholic patient
(evenwhen alcohol intake is reduced), thiamin deficiency
may represent an important cause for heart failure, espe-
cially in combination with diuretics with increased uri-
nary thiamin losses.204,205

B. Riboflavin

Riboflavin deficiency is found in up to 50% of chronic
alcohol consumers and is due to low intakes, decreased
absorption resulting from an alcohol-induced impair-
ment of intraluminal hydrolysis of flavin adenine dinu-
cleotide (FAD) in food sources,206 inhibition of the
specific carrier-mediated riboflavin absorption,207 and
a hyperriboflavinuria. In addition, alcohol inhibits the
transformation of the vitamin into its coenzyme forms;
impaired activation; and uptake of the vitamin in the in-
testine and also in peripheral tissues (e.g., renal
tissue).207,208 Riboflavin is an essential cofactor in the
conversion of vitamin B6 and folate, and thus it repre-
sents an important modulator of the overall nutritional
status of the B vitamins. Usually, riboflavin deficiency
does not occur in isolation but in combination with a
deficiency of other B-complex vitamins resulting in an
atypical clinical entity.
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C. Niacin

Light-to-moderate alcohol consumption hardly inter-
feres with niacin nutriture. A deficiency in niacin
(vitamin B3) is mainly found in the setting of chronic
excessive alcohol consumption and AUD,209 usually
together with deficiencies of other B-complex
vitamins210,211 and other nutrients such as zinc. Niacin
deficiency might be encountered in AUD in combination
with poverty, however often remaining undiagnosed due
to the atypical clinical presentation.209 The prevalence of
low plasma niacin levels in chronic alcohol consumers
varies widely, probably due to fact that niacin can be ob-
tained preformed from food and from synthesis in the
liver from tryptophan. In chronic liver disease as well
as in the presence of specific nutrient deficiencies (e.g.,
vitamin B1, B2, B6 or protein malnutrition), the synthetic
pathway is impaired.212 In excessive alcohol consumers,
a low intake, decreased synthesis from tryptophan, lack
of essential cofactors, an increased urinary excretion,
and an increased requirement might be of pathophysio-
logical importance for the development of deficiency.
The coenzyme forms of this vitamin (NAD and NADH)
play an important role in alcohol metabolism,213

and the increased production of NADH changes the
NAD/NADHþ ratio in the liver, which might be a key
factor in the pathogenesis of fatty liver disease.214 In clin-
ical practice, niacin deficiency symptoms (diarrhea,
dermatitis, and dementia) might be confused with the
Wernicke-Korsakoff syndrome215 and eventually other
severe neuropsychiatric conditions216,217 alone or in
combination with thiamin deficiency. Niacin supplemen-
tation might lead to an increase in liver transaminase
levels, which could be misinterpreted as an alcohol-
induced increase. Further pharmacological doses of
niacin in the form of a supplementmay exacerbate gastric
ulcer disease and gout, both conditions that are often
found in chronic alcohol consumers.

D. Vitamin B6

Low-to-moderate alcohol intake has been associated
with an improved vitamin B6 status, especially in beer
consumers,218 due to the vitamin B6 content in beer. In
chronic high(er) alcohol consumption and depending
on liver function, between 50% and 90% of alcoholics
show low pyridoxal-50-phosphate (PLP) serum
levels as well as a reduced ratio of serum alpha-
aminobutyrate:cystathionine.219 The PLP content in
liver tissue is reduced in heavy alcohol consumers inde-
pendent of the presence of liver disease. As for most
nutrients, the pathogenesis of the impaired vitamin B6
nutriture is multifactorial. The formation of the active
vitamin (PLP) in the liver is reduced or even completely
blocked by the ingestion of alcohol.220,221 Acetaldehyde

increases the degradation of the vitamin by displacing
the vitamin from binding sites and this, in turn, leads
to an increased catabolism of the free vitamin and
consecutively an increased urinary loss.206 Since the
vitamin has to be activated in the liver, supplementation
of this vitamin does not necessarily lead to an improved
vitamin B6 nutriture in alcoholics if they continue
alcohol consumption. Vitamin B6 might play a role in
alcohol-related peripheral neuropathy.222

E. Folic Acid

Folate deficiency is one of the most prevalent defi-
ciencies in alcohol consumers. Before the grain fortifica-
tion period, up to 80% of heavy alcohol consumers
showed low concentrations of serum folate and/or low
red blood cell folate.223 The prevalence declined after
introduction of folate food fortification strategies to
10%e25%.224 Beer consumers may show higher plasma
folate levels than other beverage consumers because of
the folic acid content of this beverage. Alcohol-induced
folate deficiency is caused by low folate intakes, malab-
sorption, altered hepatobiliary metabolism (including
abnormal enterohepatic circulation), decreased liver up-
take and storage, increased degradation, and an
increased urinary excretion223,225,226 and increased
requirements. The clinical hallmark of folate deficiency
is a megaloblastic anemia caused by damaged cell repli-
cation. It is found in all tissues, but especially in those
with a high turnover rate, including the gastrointestinal
mucosa227 resulting in functional abnormalities and clin-
ical symptoms such as diarrhea and due to an interfer-
ence with the folate transporters malabsorption of
folate itself as well as of other nutrients (e.g., water-
soluble vitamins). Further the hepatic metabolic trans-
formation to different active folate metabolites is
impaired as a consequence of altered liver function
and toxic alcohol and acetaldehyde effects on different
enzymes.

The inhibition of the specific carrier-mediated folate
uptake in different tissues (e.g., intestinal absorption,
kidney, brain) or organelles228,229 is in part due to effects
at the transcriptional level.229 Folate is absolutely essen-
tial for a normal brain and spinal cord development, and
the folate metabolic pool of the fetus of alcohol
consuming mothers is reduced in part also due am
impaired folate transport across the placenta; the combi-
nation of pregnancy and alcohol intake should be
completely avoided.230 Because of an alcohol-induced
rise in free radical production, the degradation of the
vitamin is increased and may cause a tissue-specific
deficiency. Alcohol consumption is an established risk
factor for colorectal cancer (CRC), and the effects are
due to direct alcohol effects and also folate metabolism
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related pathways leading to DNA hypomethylation and
aberrant DNA synthesis.231,232 The alcohol-associated
risk of colorectal carcinogenesis (as well as other cancer
sites) varies as a function of folate site-specific effects
and in part according to the genetic polymorphisms of
the 5,10-methylenetetrahydrofolate reductase (MTHFR)
related to DNA methylation.233 Due to multiple dose-
dependent effects of alcohol on different vitamins
involved in the homocysteine metabolism, elevated
homocysteine levels are found in chronic alcohol
consumers.234,235

X. EFFECTS OF ALCOHOL ON
MINERAL AND TRACE ELEMENT

METABOLISM

A. Magnesium

Low serum and tissue levels of magnesium are a
typical feature in heavy drinkers, and these alterations
are more prevalent in the presence of liver disease.236

Magnesium deficiency in chronic alcoholism is due to
reduced intake, malabsorption, decreased exchangeable
magnesium (decreased magnesium content in the mus-
cle), increased urinary losses, secondary hyperaldoster-
onism, hypocalcemia and increased fecal losses due to
diarrhea.237,238 Chronic alcohol consumption is associ-
ated with other electrolyte and mineral disturbances
further aggravating magnesium deficiency.239 A reduc-
tion of alcohol intake is associated with an improvement
of magnesium nutriture. The decreased magnesium
content of tissues may play a role in the development
and progression of alcohol-associated pathologies240,241

including liver damage.242,243 Magnesium content is
especially decreased in heart tissue predisposing to car-
diac arrhythmias (prolongation of the QT interval).
Because of magnesium’s effects in the maintenance of
membranes, a deficiency may exacerbate the develop-
ment of organ damage, including liver damage. Magne-
sium plays a central role in over 300 biochemical
reactions, one of them being thiamin phosphorlylation.
Although magnesium can function as an inhibitor or
neurotransmitter release, it is unclear whether magne-
sium is useful in the treatment of an alcohol withdrawal
syndrome244 but may result in a lower 1 year mortality
in alcohol withdrawal.245

B. Zinc

Heavy alcohol consumption is associated with
deceased serum zinc and lower hepatic zinc concentra-
tions.246 The deficient zinc status results from low
intakes, a reduced absorption, an increased urinary
excretion, altered hepatic zinc metabolism, and an alter-
ation of zinc distribution. The zinc malabsorption is
caused by direct and indirect alcohol effects, such as

mucosal damage247 and altered synthesis of zinc ligands
(such as metallothionein), owing to alcohol-induced
impaired protein synthesis. The presence and the degree
of exocrine pancreatic insufficiency is an additional
modulator of zinc status. The lower zinc levels are corre-
lated with the degree of alcoholic liver damage, but low
zinc levels in serum are also found in less-advanced
liver disease, such as fatty liver disease.246,248 In ALD,
hepatic zinc levels are up to 50% lower,249 and liver dis-
ease represents one of the major predictors for metabolic
perturbations in zinc nutriture.248 Chronic alcohol
consumption alters the expression of hepatic zinc trans-
porters most likely due to oxidative stress.250 The
increased urinary excretion of zinc correlates with the
degree of liver damage251 and is caused by decreased
peripheral tissue zinc uptake and decreased serum
levels of albumin. Further, low plasma zinc levels were
a prognostic marker for liver transplantation free
survival252; however, such associations should be not
overestimated. Upon abstention, the increased urinary
zinc excretion returned to normal.253 However, in pa-
tients with liver cirrhosis, the increased urinary zinc
excretion persists even after cessation of alcohol intake.
In chronic alcoholism also the handling of zinc at the
level of the endoplasmatic reticulum and mitochondria
is disturbed.254 The acute ingestion of alcohol among
moderate drinkers causes increased urinary zinc excre-
tion, a consequence that suggests direct effects of alcohol
on zinc homeostasis at the level of the kidney.251 A
disruption of the epithelial barrier in the distal small in-
testine plays an important role in alcohol-induced gut
leakiness and consecutively also alcoholic endotoxemia
and hepatitis. Zinc deficiency may interfere with the
intestinal barrier function by a direct action on tight
junction proteins or by sensitizing to the effects of
alcohol247,255 and alcoholic steatosis.256 In the experi-
mental setting, zinc supplementation reduced the gut
leakiness and endotoxinemia.257,258 Zinc deficiency has
further been implicated in the alcohol-induced alveolar
epithelial and macrophage dysfunction,259,260 and zinc
supplementation might correct the dysfunction.261

Malnutrition (for instance, due to exocrine pancreatic
insufficiency) in combination with alcohol leads to a
higher degree of zinc depletion. It has been suggested
that alcohol-induced alterations in zinc metabolism
may increase alcohol-associated carcinogenesis.262,263

In view of the multiple effects of zinc, clinical signs of
zinc deficiency abnormalities of taste and smell,
hypogonadism, infertility, and an impaired dark adapta-
tion - are often seen in alcoholics. An impaired
dark adaptation is a characteristic symptom in alcohol
consumers, which is generally not caused by vitamin
A deficiency but by zinc deficiency.264,265 Defective
zinc nutriture may increase alcohol toxicity given
that the rate-limiting enzyme ADH is a zinc metallo-
enzyme.
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XI. ALCOHOL, MORTALITY, AND
CARDIOVASCULAR DISEASE

During the last few years, the knowledge around the
alcohol-related morbidity and mortality pattern
increased further; however, one has to be aware that
there will never be an ideal study, which is accepted
by all players in this field.266,267 A protective effect of
alcohol on coronary disease risk has been reported in
earlier studies in men and women.268e277 In these
studies, the effect of alcohol on morbidity and mortality
was biphasic, showing a J-shaped relationship: moder-
ate consumption was found to be associated with a
protection, but abstinence and higher consumption
levels with an increased risk of cardiovascular and non-
cardiovascular mortality due to different cancers, ALD,
and cardiovascular diseases such as arrhythmias,
alcoholic cardiomyopathy, hypertension, and
stroke.268,270,272,274,276,278e281 The intake levels related to
the nadir of risk vary widely in different studies282 and
are debated, but might be lower than presently
recommended.283e285 It is important to recognize that
several studies found the protective effects mainly in
older people and/or those who do have one or more
of the classical cardiovascular risk factors,269,271,273,286,287

suggesting that alcohol might modulate those risks. The
reduced mortality risk at lower intakes has been
explained by a reduced risk of coronary artery
disease268e270,278,279,288 and reduced a reduced risk of
ischemic stroke.289 However, several283e285 recent studies
cast some doubt on these potential protective health ef-
fects of moderate amounts of alcohol on mortality risk
and cardiovascular health. In the China Kadoorie Bio-
bank study283 (a prospective observational study over
10 years, n ¼ 512,715), using conventional epidemiology
self-reported alcohol intake (mainly in form of spirits)
showed a J-shaped association between the incidence of
ischemic stroke, intracerebral hemorrhage, and myocar-
dial infarction: men with an intake of around 100 g/
week showed a protection for all three conditions as
compared to nondrinkers or heavier drinkers. However,
using the same data set but applying genetic epidemiology,
no significant association was found regarding myocar-
dial infarction,283 and the protective association with
stroke disappeared. In the Global Burden of Disease
Study (GBD study),290 alcohol-associated health out-
comes were assessed in 195 countries. In this study, all-
cause mortality (especially also cancer mortality) was
higher than in earlier studies and rises with increasing
alcohol consumption, and the study was not able to iden-
tify a safe consumption level.290 The minimal health risk
was at zero intake. The study found aminor protective ef-
fect for ischemic heart disease and diabetes, an associa-
tion that disappeared by considering overall risk. For
all other diseases, the risk increased in a nearly linear

manner with increasing alcohol intake even in the low
consumption range.290 It is difficult to interpret the
GBD study regarding any vascular benefit, since the
study was based on data from developed and developing
nations (with quite different lifestyles, nutritional habits,
environmental factors, socioeconomic factors, and
morbidity and mortality patterns, which all are modu-
lated by alcohol intake). This constellation makes the
interpretation and generalization of the data regarding
vascular protection challenging. In another study285 pool-
ing UK data including 599, g/week of pure alcohol. This
curvilinear relationship was due to different effects of
alcohol on cardiovascular disease entities: for cardiovas-
cular diseases other than myocardial infarction, no clear
lower threshold was identified and the risk for coronary
artery disease excluding myocardial infarction, heart fail-
ure, fatal hypertensive disease, and fatal aortic aneurysm
increased more or less linearly; however, alcohol
consumption was log-linearly associated with a lower
risk of myocardial infarction (HR 0$94, 0$91e0$97).285

The potential protective amounts for myocardial
infarction were found to be lower than in earlier studies
and currently recommended. These data suggest that
some consumers might eventually get a protection
regarding the risk of myocardial infarction as long as
they are able to consume only small amounts
(0e>100 g/week). The low or lower level of consump-
tion might also be favorable regarding the risk of atrial
fibrillation (AF)291 and other conditions. Different
mechanisms77,275,279,288,292e301 for the potential cardio-
protective effects of alcohol have been suggested
(Table 25.2). Based on these new data, those who want
to drink alcohol should not target at moderate, but
only at “low” consumption levels, which might be asso-
ciated with “coronary vascular protection.” This is in
agreement with the older data that occasional and low-
volume “drinkers” might have a chance for a reduced
CVrisk. The problem with any recommendation around
alcohol is that many consumers cannot balance their
consumption behavior between risk and benefit due to
environmental, societal, many personal factors, and
also their genotype.283 Form the public health and
societal view, the burden of disease by alcohol
outweighs any potential health benefit. The hallmark
of excessive alcohol intake are metabolic and structural
alterations at the level of the liver, and liver cirrhosis is
the leading cause of death in heavy drinkers, and in
the United States, mortality due to liver cirrhosis and
cancer is increasing since 1999,290,302 especially in
younger adults. In addition, approximately one-third
of all traffic crash fatalities in the United States are
alcohol related.10

Whether alcohol and exercise result in a higher pro-
tection on CV morality is controversial, and it was re-
ported that the daily deviation from the usual physical
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activity pattern was associated with daily total alcohol
use.88,303,304 In the Cooper Center Longitudinal Study
(observation period of 17 years), alcohol did not modify
the association between fitness and all-cause mortality
and cardiovascular mortality,305 suggesting that if heart
protection is wished, the priority should be put in exer-
cise and not on alcohol,286 contradicting some older
data.304,306

Despite the potentially favorable effects of alcohol on
coronary artery disease risk, alcohol represents an
important cause of hypertension,307,308 hemorrhagic
stroke,309,310 alcoholic cardiomyopathy, heart insuffi-
ciency, and arrhythmias.280,311

In view of the present research evidence, alcohol has
to be regarded as a risk factor to overall and also

cardiovascular health,277 but for certain consumers, a
light intake might elicit a cardiovascular protection.
However, there is presently no mean to identify those
who might benefit without risk. Accordingly, a
nondrinker should not be encouraged to consume
alcohol for any health reason. There is no doubt that
high-dose consumption is deleterious for cardiovascular
and overall heart health. The theoretically protective
dose is most likely lower than presently recommended.

A. Alcohol and Type II Diabetes Mellitus

Most, but not all,312,313 observational studies129,314e323

reported a lower risk for type 2 diabetes mellitus
(T2DM) in light-to-moderate alcohol consumers. This
protection was apparent till an intake level of approxi-
mately 60 g/d324 might depend on gender,312,325

ethnicity,323 the beverage type,318 and body weight sta-
tus (BMI). 321,323e 325 The gender differences might be
due to sex-specific drinking patterns or could also be
confounded by different reporting characteristics. The
lowest risk was seen in light-to-moderate consumers,
whereas heavier alcohol consumption and binge drink-
ing led to a higher risk for type II diabetes.129,314e316

Data using 18 year alcohol consumption trajectories
from the China Health and Nutrition Survey were not
able to find a risk reduction for T2DM,312 but they
showed that heavy alcohol consumption in early adult-
hood was significantly associated with an increased risk
of T2DM, which remained high even with a reduction of
alcohol consumption later in life. The latter constellation
was also found in US studies326 and deserves special
attention in view of the increasing alcohol consumption
among young adults. Assessing the causality between
alcohol intake and diabetes risk using a Mendelian
randomization approach, a higher and even moderate
consumption level was causally related to diabetes risk
and worsened traits.313 In the contrary, a 2 year random-
ized trial319 (control with water) suggests that initiating
moderate wine intake in well-controlled diabetic
patients might have favorable effects on different com-
ponents of the metabolic syndrome. However, only in
patients with the ADH allele ADH1B*1 (slow alcohol
metabolizers), wine elicits a beneficial effect on glycemic
control (although not affecting the number of antidia-
betic medications, which rises questions regarding a
true benefit).319 Moderate alcohol intake may lead to a
decrease in fasting insulin and HbA1c concentrations
among nondiabetic individuals.327 Further, insulin
sensitivity might improve inconsistently amongwomen.
It is conceivable that the alcohol-induced higher
estradiol levels might modulate the diabetes risk in
women328 and explain in part the gender differences.
In patients with sulfonylurea or insulin treatment,

TABLE 25.2 Summary (order of factors is not related to any
theoretical relevance) and classification of possible
cardioprotective mechanisms of alcohol.

Category Potential mechanisms

Lipid effects • HDL cholesterol [
• LDL particle number Y; LDL particle

size [, concentration of LDL
cholesterol Y

• LDL oxidation Y
• Lipoprotein (a) Y
• LDL receptor effects
• Modified fatty acids

Blood coagulation • Hypercoagulability Y
• Platelet reactivity Y
• Fibrinolysis [

Endocrine effects • Improved insulin sensitivity (insulin
mediated glucose uptake [)

• Estrogen metabolism
• Steroid metabolism
• Adiponectin Y

Nonnutritive compounds • Bioactive components in, e.g., wine
(flavonoids, nonflavonoids;
phytoalexins [e.g., resveratrol])

Miscellaneous effects • Endothelial function
andvasoreactivity (NO release [,
coronary flow [)

• Ischemic preconditioning
• Membrane fluidity
• Liver structure (liver sieve)
• Paraoxonase[
• Associated health-promoting

behaviors
• Antiinflammatory effects (CRP Y,

leukocyte adhesion Y)
• Antioxidation

Psychological effects • Control of type A behavior
• Antianxiety effects
• Stress control
• Personality type

HDL, High-density lipoprotein; LDL, Low-density lipoprotein.
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alcohol might increase the risk for hypoglycemia.329 In a
recent study from Finland, treated diabetic patients
(especially those on insulin) had an increased risk for
alcohol-related deaths,330 and there is always a risk for
an alcohol-induced exacerbation of diabetic complica-
tions.331 Alcohol and components of the metabolic syn-
drome exert synergistic effects in the pathogenesis and
promotion of liver injury and cirrhosis.332

B. Alcohol and Hypertension

The first description of a nearly linear relationship be-
tween alcohol and blood pressure in heavy alcohol con-
sumers was published by Lian in 1915. Cross-sectional,
prospective, and interventional studies have reported
an increase in systolic and diastolic blood pressure with
increasing alcohol intake333e337; however, some studies
reported no effect or even a protective blood pressuree
lowering effect in low-level consumers (defined
as <20 g/d)338; however, this potentially protective effect
might be limited to women only.337 Cessation of alcohol
intake in heavy consumers led to a reduction in blood
pressure,339 and there seems to be a dose-dependent asso-
ciation between the baseline alcohol consumption and
consecutive blood pressure reduction upon a reduced
consumption.336 The decline in blood pressure upon
cessation of heavier alcohol consumption340 shows a
wide variability due to many individual endogenous
and exogenous factors,341 consumption patterns,342 and
gender. A 10 year follow-up study with several time
points of alcohol intake assessments showed a linear
association between baseline and long-term alcohol con-
sumption and incident hypertension as related to base-
line intake.343 Further, a Mendelian randomization
study from Southeast China showed a causal effect of
alcohol on blood pressure in current and previous con-
sumers as compared to never drinkers75; similar results
were reported in another Chinese Mendelian randomiza-
tion study283 showing a strong positive association over
the whole consumption spectrum. Blood pressure effects
are more pronounced in daily alcohol consumers and
binge drinkers. A concomitant blood pressures lowering
pharmacological therapy might modulate the pressure
effects of alcohol.344 The effect of the timing of blood pres-
sure measurements after alcohol intake on the magnitude
and direction of the blood pressure change345 could affect
study outcomes, and this may also be an additional
reason for inconsistent effects of alcohol on blood pres-
sure in epidemiological and some experimental studies.
Further on, polymorphisms in the alcohol-metabolizing
enzymes modify the pressor effects of alcohol and also
the effects of an unhealthy dietary pattern.346,347 The
pathophysiologic mechanisms for the pressor effects of
alcohol are not exactly known, and multiple mechanisms

involving direct and indirect effects of alcohol on
autonomic regulation, neurohumoral effects, altered
baroreceptor function, endothelial dysfunction, nitric ox-
ide availability, effects on peripheral resistance, calcium
handling in the vascular smooth muscle cells, oxidative
stress, and altered stress perception have been suggested.
Alterations in liver function may affect the metabolism of
antihypertensive drugs. Heavier alcohol consumption is
one of the most important reasons for resistant and
difficult to treat hypertension.

C. Alcohol and Stroke

Alcohol has been identified as an independent risk
factor for hemorrhagic stroke.283,310,339,348 The increased
stroke risk is partly caused by the pressure effects
of alcohol as well as effects on cerebrovascular
vasculature.283,309,310,339 Several older and newer studies
reported that alcohol had a protective effects on ischemic
stroke283,349,350 due to shared pathophysiological features
and 1e2 drinks/d could have a protective effect as
compared to nondrinkers or heavy drinkers.283 When
analyzing the same data283 using genetic epidemiology
for twoADHvariants, a continuous log-linear association
was found between genotype-predicted mean alcohol
intake and stroke risk, which was stronger for hemor-
rhagic stroke (relative risk [RR] per 280 g/week 1.58, CI
1.36e1.84, P <.0001) than for ischemic stroke (RR 1.27,
CI 1.13e1.43, P ¼ .0001).283 This genetic epidemiology study
shows that the apparent stroke protection by moderate
amounts of alcohol is most likely noncausal283 and that
the usual blood pressure is linearly related to both entities
of stroke.351 According to this study, even small amounts
of alcohol increase the stroke risk and there is no safe
consumption threshold. Similarly, a Mendelian randomi-
zation analysis in 261,991 individuals with European
descent concluded that a reduction of alcohol intake
might be favorable regarding the cardiovascular risk
profile, including hypertension, even inmoderate or light
consumers,352 suggesting that the data from the large
Chinese studies aremost likely generalizable to all ethnic-
ities. The cumulative alcohol consumption has been iden-
tified as an independent risk factor for total and also
ischemic stroke.353 Further, the risk of ischemic stroke
onset is transiently elevated in the hour immediately after
alcohol ingestion.354 The role of alcohol as a poststroke
functional prognostic modifier is unclear.355 The role of
alcohol in the promotion of AF, an important risk factor
for ischemic stroke, is controversial356,357; however, based
on epidemiologic data and also potential mechanisms, a
lower intake might be advantageous.291 It is important
to remember that moderate alcohol consumption (espe-
cially wine consumption) is associated with a healthier
lifestyle such as increased fruit and vegetable
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consumption,358e360 and an increased fruit and vegetable
intake is associated with a reduced risk of stroke,361e364

besides others also due to a lower blood pressure.
Several studies reported that moderate alcohol

consumption is associated with better cognitive func-
tioning and a reduced risk of a cognitive decline with
aging.365e368 The data are controversial and vary besides
others according to the time point where alcohol con-
sumption was initiated and the baseline cognitive
function.366,369,370 Once again, it is not completely clear
whether light alcohol drinking or the behavior of the
drinker is the protective principle. Nevertheless, heavier
alcohol intake is a risk factor for (premature)
dementia.11,371

XII. ALCOHOL AND LIVER DISEASE

ALD includes a wide spectrum of injury, ranging
from steatosis, alcoholic hepatitis, and cirrhosis till
liver cancer. Worldwide each year about 2 millions in-
dividuals die due to ALD and 50% of the cirrhosis
mortality is caused by alcohol,372,373 further accounting
for 30% of hepatocellular carcinoma (HCC) cases and
HCC-specific mortality.374 Alcohol is the major cause
of liver disease, and liver cirrhosis death rate shows a
direct relationship with the per capita alcohol consump-
tion (independent of the beverage type and already at
moderate intake levels [especially in women]).375,376

Besides a genetic and epigenetic predisposition,
different modifiable individual factors might modulate
the alcohol-related risk of liver disease (e.g., an elevated
BMI,372 consuming alcohol without meals,375 or also
circadian misalignment377). For instance, women who
drank alcohol with meals experienced a risk reduction
by half.375 Irrespective of the absolute amount of alcohol
intake, consumption frequency is another risk determi-
nant: in the UK Million Women Study,375 daily drinkers
had a considerably increased risk (1.61, 95% CI
1.40e1.85) as compared to nondaily drinkers.375 There
is an additive and/or even synergistic interaction
between nonalcoholic fatty liver disease and alcohol-
related liver disease.378e380 The mechanisms of
alcohol-induced liver injury are complex, multiple and
incompletely understood, and include factors such as
altered hepatic lipid metabolism and hepatic
steatosis,381 acetaldehyde-mediated toxicity, oxidative
stress, altered redox potential (NADH/NADþ),
alcohol-induced leaky gut and microbiome dysbiosis-
related factors (gut-liver-adipose tissue axis), cross talk
between adipose tissue and the liver, cytokine- and
chemokine-induced hepatic inflammation and immune

cell mediated mechanisms (e.g., mast cells), extracellular
vesicle-related mechanisms, endocrine- and cytokine-
related mechanisms, associated infections (e.g., hepatitis
C), and last but not least an impaired liver regeneration
capacity382e385 to mention just a few pathogenetic fac-
tors, which are usually more pronounced in women
(Fig. 25.6). One key mechanism (even in non-ALD) is
the induction of Cyp2E1, which leads to the generation
of reactive oxygen species386,387 and thus enhanced
biotransformation372 and increased production of toxic
metabolites.388 Further, alcohol enhances the generation
of inflammatory cytokines (e.g., TNF-a, IL-1 or IL-6)
with local as well as systemic effects.388,389

As with other alcohol-related pathologies, suscepti-
bility to developing alcoholic cirrhosis varies from one
individual to another as a function of the amount and
duration of alcohol intake, drinking pattern and the
beverage type, gender, genetic predisposition, age,
race/ethnicity, characteristics of alcohol metabolism,
previous hepatitis B or C,390 obesity, smoking, drug
intake, and potential nutritional factors.372,375,391,392

The quantity of alcohol consumed and consumption fre-
quency are the most important risk factors for
ALD.375,393 Heavy episodic drinking (binge drinking)
is an often forgotten risk factor for ALD. In view of the
many factors modulating the risk, it is difficult to define
a no-risk consumption level regarding the ALD
risk.394,395 Despite all the limitations of ecological
studies,396 it seems that populations with a daily con-
sumption of >21 g/d of pure alcohol (1.5 standard
drinks) showed a significantly higher cirrhosis morality
rate as compared to countries with a lower consumption
level.397 For women, the threshold dose of alcohol is
about half the threshold dosage of men, i.e., they are
twice as sensitive to alcohol-induced hepatotoxicity.375

Further, women develop more severe ALD and within
a shorter duration of alcohol exposure. The nutritional
deficiencies (ranging from protein energy malnutrition
and multiple micronutrient deficiencies) described in
this chapter are commonly found in alcoholic patients
and should be corrected by a combination of normal
food, evidence-based nutrient supplementation, and
alcohol abstinence.35 Mortality in ALD increases directly
proportional to the degree of malnutrition.398 It is
possible that dietary strategies (e.g., pre- or probiotics)
targeted at the microbiome might be of therapeutic rele-
vance in ALD.96 The maintenance of muscle mass is an
important determinant of the disease course in liver dis-
ease.399 The role of alcohol in non-ALD is still unclear,
some studies found a decreased NASH disease severity
in low and moderate consumers.400 A recent Mendelian
randomization study401 suggests that the association
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between a high BMI and alcohol intake with liver injury
and with the risk of liver disease warrants a concomitant
control of the BMI and of alcohol intake.

XIII. ALCOHOL AND CANCER

Alcohol consumption402 is related to an increased prev-
alence of head and neck cancer (oropharyngeal403,404),
esophageal, liver,374 CRCs,405 and female breast (pre-
and postmenopausal).406,407 The evidence for the latter
carcinomas is convincingly strong. Less-consistent
evidence suggests a role of alcohol in the pathogenesis
of stomach408,409 and pancreatic cancers.410 Alcohol
and it’s first metabolite acetaldehyde are classified as

carcinogens,411,412 although some authors claim that
pure alcohol per se is not a carcinogen.413 Often, a dosee
response relationship between alcohol intake and cancer
risk can be found414; however, for some cancers (such as
CRC), also a J-shaped relationship has been described.405

The risk of kidney cancer415 and non-Hodgkin lym-
phoma416 might be reduced by alcohol. These potentially
protective effects cannot be explained at present and
other alcohol-related risks outweight most likely an
observed protection. The pathophysiologic bases of the
alcohol-induced cancers are multiple, might vary accord-
ing to the location, are potentiated by smoking, and
include effects of acetaldehyde (e.g., DNA
damage)413,417 and/or effects of alcohol on methyl group
metabolism,418 retinoic acidmetabolism,406 inflammatory
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phenomena, oxidative damage, hormone (e.g., estrogen)-
related mechanisms, effects on gene expression,
enhanced/increased activation of procarcinogens, mem-
brane effects, interference in signaling pathways, and
others. The increased alcohol intake, in combination
with a low/deficient micronutrient nutriture increases
cancer risk.

Alcohol consumption is associated with an increased
risk of breast cancer (especially hormone-sensitive can-
cer types) and varies in a complex manner according
to the estrogen and progesterone receptor status as
well as breast cancer subtypes419e422 and breast cancer
recurrence particularly among postmenopausal and
overweight/obese women.423 Most studies showed a
doseeresponse relationship with breast cancer risk
already within light consumption levels.424 Alcohol
has a high potential to modulate estrogen metabolism,
leading to higher circulating estrogen levels,425 so the
potential detrimental effects of alcohol on estrogen-
sensitive cancers are not surprising. Some of the contro-
versy of the data can be explained by genetic factors
and/or menopausal status or period of life with alcohol
consumption. The awareness of alcohol as a risk factor
for breast cancer is low426e428 and often ignored even
due to intentional misinformation.429 Data suggest that
already early life exposure to alcohol increases the
risk, a worrying fact in view of the increased alcohol
intake of young women.430,431 RR of breast cancer
increased by 7.1% (95% CI 5.5%e8.7%; P <.00001) for
each additional 10 g/d intake of alcohol, i.e., for each ex-
tra unit or drink of alcohol consumed on a daily basis.432

A modeling study suggested that the absolute lifetime
risk of alcohol-related cancers in women (mainly driven
by breast cancer risk) would be equivalent to the risk of
10 cigarettes per week.433

Alcoholic beverages represent complex multicompo-
nent mixtures containing potentially different chemicals
with carcinogenic properties (e.g., acetaldehyde,
aflatoxins, arsenic, cadmium, benzene, and others).434

Based on the present evidence, it is the alcohol and its
metabolite that causes the carcinogenicity and not these
carcinogens. Accordingly, one cannot classify an alco-
holic beverage as more/less carcinogenic than
another.434 However, globally about 25% of the
consumed pure alcohol is unrecorded alcohol, which
might bear a health threat due to these contaminants.435

The relation between alcohol and cancer is very
complex, and many aspects are still a black box. The
complexity is last but not least also caused by gene var-
iants in the alcohol-metabolizing enzymes, which vary
also by ethnicity modulating the risk by complex genee
environment interaction(s).436,437 Thus, it is most likely
impossible to make one consumption recommendation
for all consumers. Individuals carrying the inactive

aldehyde dehydrogenase 2*2 (ALDH 2*2) allele have
an increased risk for alcohol-related esophageal can-
cer.438 Carriers of other genetic variants (e.g., alcohol de-
hydrogenase 1C*1 [ADH1C*1] homozygotes or MTHFR
677CT variants) have also a higher risk for alcohol-
related cancers.22,418,439 Maybe, the further elucidation
of these associations may result in more targeted and
more successful preventive strategies. Further lifestyle
factors (e.g., smoking, poor oral hygiene, physical
activity pattern, certain dietary deficiencies [e.g., folate,
vitamin B6, methyl donors]) or an excess of certain
micronutrients (vitamin A/b-carotene) may potentiate
the risk for alcohol-associated tumors.406

From the public health and clinical view “moderation
in moderation” is at present most likely the best recom-
mendation for all consumer (especially also for those
with a positive personal history or family history,
especially in women regarding breast cancer)402,440 and
a daily consumption, a binge drinking consumption
pattern should be discouraged especially also at
younger age.

XIV. ALCOHOL, BONE, AND MUSCLE

Alcoholic myopathy is one of the most prominent and
frequent clinical comorbidity in heavy alcohol
consumers easily assessable as muscle atrophy and
weakness.441 The association between alcohol consump-
tion and bone health is inconsistent and some studies
reported a J-shaped442,443 relationship, whereas others
including a recent metaanalysis showed a positive
relationship with the risk of osteoporosis even at low
to moderate intake.444 The different direct and indirect
effects of alcohol on bone and muscle metabolism are
very complex445 and multiple and depend on the
amount, the duration of alcohol intake, the presence of
liver disease,50 gender, age, genetic factors and concom-
itant factors (such as smoking, dietary factors including
protein intake or exercise pattern/resistance training),
andmany other factors. Light-to-moderate consumption
may have favorable effects on bone health445e449 in
adults resulting in higher bone mineral density and
reduced age-associated bone loss. Heavier alcohol
intake has the opposite effects including an increased
risk for fractures. It is crucial to be aware that the bone
effects of alcohol in younger individuals might be
different. Heavy episodic drinking (binge drinking) is
associated with a poorer overall bone health in adoles-
cent and young women,450 an effect persisting for the
whole life. Moderate wine intake has been reported to
elicit a higher protection, although the data are gender
specific and controversial443,449,451 and might be caused
by other behavioral factors.452
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Acute and chronic effects of alcohol on bone have to
be distinguished. Chronic alcohol intake affects all
aspects of bone metabolism from bone growth, bone
turnover, and remodeling till repair after fractures.453,454

In heavy drinkers, the calcium balance is negatively
affected by low intakes and malabsorption of calcium
due to direct mucosal damage, an impaired vitamin D
nutriture, increased urinary calcium losses,455 and liver
disease.50 In heavy drinkers, different structural and
functional changes occur in bone tissues. Low to moder-
ate amounts of alcohol have no adverse effects448 or even
a protective effect449,456 on bone mass in postmenopausal
women, maybe because of alcohol’s effects on endoge-
nous (and exogenous) estrogens (see above) as well as
the presence of other bone protective factors (e.g., silicon
in beer). Different studies reported that light-to-moderate
alcohol consumption was associated with a lower rate of
(injurious) falls in older adults457 and lower risk for hip
fractures,443 which might just be a reflection of a better
overall health and also socioeconomic status in these
consumers or also lower medication intakes.458 In the
clinical setting, any unexplained fracture, fall, or osteopo-
rosis (especially in men) may point to alcohol-related
problems.

Alcohol consumption leads to a dose-dependent
negative effect on skeletal muscle, leading to progressive
functional and structural alterations of skeletal muscle
cells with a concomitant decline in lean body
mass.45,459,460 Alcohol reduces muscle protein mass by
different mechanisms (e.g., decreasing protein synthesis
due to oxidative stress and increased anabolic signaling,
an increased protein breakdown (catabolism) due to
oxidative stress and inflammation, reduced amino acid
intake and other cosubstrates; reduced stretch stimulus
of the protein synthesis).441,461e463 The alcoholic
myopathy is a typical clinical feature of the heavy alcohol
consumer,460 both fast and slow muscle fibers are
affected, and seems to occur in female chronic alcohol
abusers earlier than in men.47 The pathogenesis involves
alterations in different molecular signaling pathways
(e.g., IGF-1).47 Importantly, these effects are also seen at
the level of the heart muscle in form of alcoholic
cardiomyopathy.464e466

XV. FETAL ALCOHOL SPECTRUM
DISORDER

Alcohol consumption during pregnancy increases the
risk for impaired growth, stillbirth, and fetal alcohol spec-
trum disorder (FASD).467,468 More than five decades ago,
it was first reported that heavy alcohol intake during
pregnancy may be associated with fetal alcohol

syndrome, which is now summarized with the
term FASD, which includes different clinical
symptoms/entities characterized by growth deficiency,
facial dysmorphology, central nervous system dysfunc-
tions, and neurobehavioral features3,468e470 alone or in
combination. The consequences of alcohol exposure dur-
ing pregnancy are the most important nonheritable cause
of intellectually disability and are accordingly basically
completely preventable.471 The recent trends472,473 of
alcohol consumption during pregnancy are worrisome:
in the United States, 11.5% of pregnant women reported
current drinking and 3.9% reported binge drinking dur-
ing the past 30 days,474 representing an increase as
compared to earlier surveys, although others reported a
decline of alcohol use at least in certain age groups of
pregnant women.475 Certain subpopulation of women
(e.g., unmarried women) might be at higher risk.476,477

Alcohol is a teratogen, and the effects may occur well
before a woman knows about her pregnancy with vary-
ing phenotypic expression of the FASD.3,478 Children
with FASD show a pre- and postnatal growth retardation,
facial dysmorphy, and central nervous system dysfunc-
tions that cause permanent cognitive impairment and
learning disabilities.476,479 FASD represents the severe
end points of a vast spectrum of structural, behavioral,
and neurodevelopmental abnormalities caused by
exposure to alcohol in utero. Different pathogenetic
models for the FASD have been suggested, and it seems
that alcohol metabolismeinduced altered retinoid
signaling may represent a key mechanism.480,481 Alcohol
intake during pregnancy, and also preconceptionally
increases the risk of early pregnancy loss and FASD.482

In view of the irreversible lifelong effects of alcohol
drinking during pregnancy on the unborn child,
pregnancy (ideally also the preconception period) has
to be a period of life during which alcohol intake should
be completely avoided. There is no safe amount of
alcohol during pregnancy467 and preconception (most
likely this applies even to men483,484).

XVI. ALCOHOL AND BARIATRIC
PATIENTS

After a sleeve gastrectomy or Roux-en-Y gastric
bypass, there is an increased risk for alcohol-related
nutritional problems485,486 as well as AUD. Many post-
bariatric patients resume their usual (prebariatric)
alcohol intake. However, long-term studies (13e15 years
of follow-up) reported an increased risk for a higher con-
sumption postoperatively and also a significantly higher
risk for AUD.193,487e489 The risk increases with time and
with a greater weight loss. The metabolism of alcohol is
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altered postoperatively as a function of the surgical
procedures (no changes after gastric banding) so that
“one drink becomes two”: there is a reduced first-pass
metabolism in the stomach, a faster absorption rate, a
higher peak blood alcohol concentration, and a slower
elimination rate490 leading to an aumentation of the
alcohol effects. The risk of alcohol-related injuries, car
accidents, and toxicity increases accordingly. Craving
and alcohol reward signaling might also be changed af-
ter bariatric surgery. Despite the many benefits of bariat-
ric surgery, different emerging risks, including AUD,
call for a lifelong strict monitoring not only of nutritional
disorders but also the risk of AUD. The CAGE test and
AUDIT questionnaire (and other tools such as the Pa-
tient Health Questionnaire 491) should be included in
any pre- and postoperative assessment/monitoring.492

The best strategy to avoid these difficult-to-control
effects is complete abstinence from alcohol in bariatric
patients, especially in the presence of other of risk fac-
tors for risky drinking and alcoholism.

XVII. CONCLUSION

The relationship between health, nutrition, and
alcohol is very complex. As a function of the drinking

pattern (amount/frequency of consumption) and
many individual determinants (genetic factors, behav-
ioral determinants, endogenous and environmental
factors, including lifestyle and nutritional factors), the
overall health and nutritional effects of alcohol may be
in some consumers positive or negative (Fig. 25.3).
Recent evidence shows that any potentially protective
health effect is most likely outweighed by negative
effects. In today’s world, the art of any patient coun-
seling and public health counseling about alcohol
consumption is not to forbid alcohol consumption but
to try to formulate strategies and recommendations to
assure a lifelong safe consumption levels for those
wishing to drink - probably at light consumption levels
only. In any case, alcohol should not be recommended
for health reasons or for health maintenance, especially
as long as there are no specific and sensitive predictors
for harmful alcohol use and abuse.

Evidence suggests that the safe amount may vary
considerably from one individual to another, even for
those whose alcohol intake is in the light-to-moderate
range and the safe consumption level might be lower
than the present recommendations, thus moderation in
“moderate consumption” is most likely the best strategy
to pursue.

RESEARCH GAPS

• Develop new tools to measure/assess alcohol intake reliably in epidemiological and clinical settings (e.g.,
alcohol skin biosensors).

• Settle the controversy around the alcohol-related burden of disease by using state-of-the-art genetic and
molecular epidemiology and laboratory research.

• Study the neurophysiological basis of alcohol craving/dependence and develop behavioral and/or
pharmacological means to avoid dependence and to reduce risk of AUD.

• Develop easy tools and strategies for evidence-based public health education around the role of alcohol in
health and disease, which are comprehensible and implementable for all strata of the population.

• Fill research gaps about the role of alcohol in relation to specific conditions (e.g., specific metabolic pathways
including nutrient metabolism, signaling effects, alcohol and dementia, metabolism in (young) women,
specific ethnicities and/or specific genotypes, specific life circumstances (e.g., shift work), interactions with
common medications including supplements, role of circadian desynchronization and sleep disturbances,
and BMI and body weight status).

• Clarify interactions between environmental factors (e.g., pollutants, pesticides, nanoplastic, etc.) and alcohol
in relation to health and disease risk. What is the role of the nutritional pattern and/or specific nutrients?

• Identify drivers of alcohol consumption in the modern world to create a society and lifestyle for everybody
without the risk for increased alcohol craving and high disease burden due to alcohol. Develop burden of
disease guided taxations and fees along the whole alcohol supply chain.
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SUMMARY

The liver is the largest and most complex metabolic organ of the body. It performs critical functions for
anabolism, detoxification, immune regulation/tolerance, and protection from gut-derived toxins.
Advanced liver disease is strongly associated with malnutrition, and the severity of malnutrition corre-
lates with the development of complications of liver disease, as well as mortality and poor outcome
following liver transplantation. Optimal nutritional support can improve malnutrition in patients with
liver disease and may decrease infectious complications, improve cognitive function, and in some in-
stances, even decrease mortality. Obesity with “insulin resistance” is also a wide-spread problem and
frequently leads to nonalcoholic fatty liver disease (NAFLD), and in some instances, nonalcoholic
steatohepatitis (NASH) and cirrhosis. Dietary modification and vitamin E supplementation, lifestyle
modification, and bariatric surgery have all been shown to improve the hepatic steatosis/liver histology
in NASH. In this chapter, we review important interactions between nutrition and various types/stages of
liver disease.

Keywords: Liver disease; Malnutrition; Microbiome; Nutrition assessment.

I. NORMAL FUNCTION AND
PHYSIOLOGY

The liver is the largest organ in the body, weighing
approximately 1.5 kg in adults, and it is possibly the
most complex organ in terms of metabolism. It has a
unique dual blood supply, being perfused by both the
portal vein and hepatic artery, and is comprised of mul-
tiple unique cell types having differing functions as
described below.

Hepatocytes make up over 80% of total liver mass
and 65% of the total number of cells in the liver.

Hepatocytes performmultiple critical functions, including
metabolism of amino acids and ammonia, biochemical
oxidation reactions, detoxification of a variety of drugs,
bile acid metabolism, storage of glycogen and certain vi-
tamins (e.g., vitamin B12), and hormone production/
metabolism, to name a few. Hepatocytes can be identi-
fied by their synthesis of certain proteins such as
albumin and a-fetoprotein.

Kupffer cells represent the largest reservoir of fixed
macrophages in the body. They comprise over 80% of the
tissue macrophages in the body and about 15% of hepat-
ic cells. They play a protective role against gut-derived
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toxins that have escaped into the portal circulation and
in immune surveillance. They are also a major producer
of cytokines, which can markedly influence nutritional
status.

Stellate cells are major fat-storing cells and are a reser-
voir for vitamin A in the body. They play an important
role in collagen formation during liver injury. When
stellate cells are activated by various factors such as
cytokines (e.g., transforming growth factor beta), they
transform into myofibroblasts with loss of vitamin
A and increased expression of genes responsible for
collagen production and hepatic fibrosis.

Specialized liver endothelial cells line the hepatic si-
nusoids. These cells are fenestrated, and the fenestra-
tions allow the passage of macromolecules such as
lipoproteins. Subendothelial deposition of collagen and
“capillarization of the sinusoids” may reduce nutrient
transport across the sinusoids in advanced liver disease.
Sinusoidal endothelial cells differ from continuous
endothelial cells in the proteins they express, including
higher levels of CD32, lipopolysaccharide-binding pro-
tein receptor (CD14), and CD36, to name only a few.
These cells are also capable of endocytosis. The endothe-
lial cell is highly susceptible to injury by factors such as
endotoxemia and hypotension.

Cholangiocytes are epithelial cells that line the bile
ducts, and they play an important role in solute trans-
port and bile acid composition/metabolism. When
activated, they secrete cytokines and participate in cross
talk with the innate and adaptive immune system. Chol-
angiocytes can also participate in liver regeneration.

The liver is a central organ for nutrition and
metabolism. The liver plays a vital role in protein, carbo-
hydrate, and fat metabolism as well as micronutrient
metabolism. It synthesizes plasma proteins, nonessential
amino acids, urea (for ammonia excretion), glycogen,
and critical hormones such as the anabolic molecule,
insulin-like growth factor 1 (IGF-1). The liver is a major
site for fatty acid metabolism, and bile synthesized in
the liver is needed for fat absorption from the intestine.
Thus, it is obvious that normal hepatic function is impor-
tant for proper nutrition.

A strong association exists between advanced liver
disease and malnutrition. However, malnutrition is not
always recognized in patients with liver disease, at least
in part because weight loss in these patients can be
masked by fluid retention. The loss of glycogen stores
predisposes patients with advanced liver disease to
enter into a starvation state within a few hours of fasting
that can lead to further protein catabolism and loss of
function. Therefore, it is important to recognize
malnutrition and initiate nutrition support early in these
patients. Moreover, obesity and the metabolic syndrome
are increasingly recognized as a major cause of
abnormal liver enzymes and a spectrum of NAFLD.

Thus, both undernutrition and obesity can play impor-
tant roles in liver disease.

This chapter reviews the interactions between nutri-
tion and liver disease and the role for nutritional inter-
vention in liver disease. We begin with a discussion of
the pathophysiology of liver disease (focusing on nutri-
tional aspects). We present an overview of the preva-
lence, causes, and assessment of malnutrition in liver
disease and the role of diet in the onset of liver disease.
We then review primary treatment modalities with a
focus on nutritional support, including specialized liver
problems such as those related to obesity and liver trans-
plantation. Lastly, we touch on selected drug/nutrient
interactions and gaps in our knowledge.

II. PATHOPHYSIOLOGY

A. Abnormal Physiology and Function

Overview of liver disease

Liver disease is a growing problem in the United
States and worldwide. Indeed, approximately 25% of
the United States and world populations have NAFLD,
and NAFLD is the greatest cause of abnormal liver en-
zymes in the United States. Alcoholic liver disease
(ALD) also remains a major health problem and is
increasing in the United States. Viral liver disease, a
third major cause of liver disease, now has effective
treatment. New direct-acting antiviral agents (DAAs)
cure most cases of hepatitis C, and there are multiple
agents that treat but generally do not cure hepatitis B.
Importantly, large numbers of patients with cirrhosis
due to hepatitis B/C are still at risk for liver failure
and hepatocellular carcinoma (HCC). Some environ-
mental exposures directly cause liver disease (can be
histologically identical to NASH and alcoholic steatohe-
patitis) and can interact with the other above-noted
forms of liver disease. Cirrhosis is the final stage of
most chronic liver disease, and it is characterized by
fibrosis and distortion of the hepatic architecture along
with formation of regenerative nodules. It may be
complicated by such resource-intensive and morbid
problems as hepatic encephalopathy (HE), GI bleeding,
renal failure, and infections. During the past approxi-
mate 15 years, annual deaths from cirrhosis have
increased by 65% and deaths from HCC have doubled.1

Below, we discuss prevalence, assessment and causes of
malnutrition, and mechanisms of liver injury that have
important links with nutrition.

Prevalence and assessment of malnutrition in liver
disease

The most extensive studies of nutritional status in pa-
tients with liver disease are in those with ALD. Two
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early large studies in the Veterans Health Administra-
tion (VA) Cooperative Studies Program evaluated pa-
tients with alcoholic hepatitis (AH).2e5 The first study
demonstrated that virtually every patient with AH had
some degree of malnutrition.4 Patients (284 with com-
plete nutritional assessments) were divided into groups
with mild, moderate, or sAH based on clinical and
biochemical parameters. Patients had a mean alcohol
consumption of 228 g/d (almost 50% of energy intake
from alcohol). The severity of liver disease was generally
correlated with the severity of malnutrition. Similar data
were generated in the 1993 follow-up VA study.5

In both of these studies, patients were given a
balanced, 2500 kcal/d (10.5 MJ) hospital diet, monitored
carefully by a dietitian, and encouraged to consume the
study diet. In the second study, patients in the therapy
arm of the protocol also received an enteral nutritional
support product high in branched-chain amino acids
(BCAAs), as well as the anabolic steroid oxandrolone
(80 mg/d). Voluntary oral food intake during hospitali-
zation correlated in a stepwise fashion with 6-month
mortality data. Thus, patients who voluntarily consumed
over 3000 kcal/d (12.6 MJ/d) had virtually no mortality,
whereas those consuming under 1000 kcal/d (4.2 MJ/d)
had more than an 80% 6-month mortality (Fig. 26.1).2

These VA studies evaluated hospitalized patients
with severe acute AH. Nutritional status in patients
with stable ALD without the severe inflammatory res-
ponse that accompanies AH has also been determined.
Patients with stable cirrhosis followed in an ascites clinic
who were not actively drinking, were free of AH, and
had bilirubin levels under 51 mmolL (3 mg/dL) were
evaluated. They had indicators of malnutrition almost
as severe as patients with AH (e.g., a creatinine height
index of 71%).6

It can be argued that alcohol, rather than the underly-
ing liver pathology, is the critical variable in malnutrition
in liver disease. There have been several studies evalu-
ating patients having both ALD and nonalcoholic (espe-
cially viral)-induced liver disease.7e11 It is clear that
nonealcohol-related liver disease also is complicated by
malnutrition. However, patients with sAH and cirrhosis
may have the most severe nutritional deficits.12

The assessment of malnutrition (in clinical care and
clinical research settings) in patients with liver disease
is often difficult. Some of the most commonly used
assessment techniques are shown in Table 26.1 and are
described in greater detail elsewhere in this book. Unfor-
tunately, almost all of these tests can be influenced by
either the underlying liver disease or the factors causing
the liver disease, such as alcohol consumption or viral
infection. Visceral proteins are commonly used by
many clinicians; however, these proteins, such as albu-
min, prealbumin, and retinol-binding protein, are all
produced in the liver and correlate better with severity

of the underlying liver disease than malnutrition in
these patients. They are good predictors of risk for
malnutrition but do not quantitatively evaluate nutri-
tional status. Anthropometry is also frequently used
but can be influenced by factors common in liver disease
such as edema and ascites. We regularly use subjective
global assessment.13,14 Fig. 26.2 shows a patient with se-
vere alcoholic cirrhosis and malnutrition diagnosed by
subjective global assessment and markedly improved
with 2 years of abstinence and appropriate nutritional
support.

Multiple imaging modalities are increasingly used to
assess muscle mass and body composition in cirr
hosis.15e17 A single cross-sectional computed tomogra-
phy (CT) slice (most often at the third lumbar vertebrad
L3) has been validated as an accurate method of assess-
ing whole-body skeletal muscle and fat mass in healthy
subjects and has been used in multiple patient popula-
tions.17 Because patients with cirrhosis frequently have
CT scans for clinical care including HCC surveillance,
CT scans may be available for body composition
analysis.

TABLE 26.1 Methods for assessing malnutrition.

• Anthropometry (triceps skinfold)
• Biological parameters (visceral proteins)
• Assessment of muscle strength
• Bioelectrical impedance
• Dual-energy X-ray absorptiometry, CT
• Subjective global assessment
• Energy balance
• 24-h urinary creatinine height index
• Metabolomics

FIGURE 26.1 A direct relation was noted between mortality and
voluntary caloric intake in Veterans Health Administration studies in
patients with moderate and severe alcoholic hepatitis. It is not known
whether providing enteral feeding to patients with inadequate caloric
intake would have improved mortality. From Mendenhall et al.2
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Bioelectrical impedance (BIA) is increasingly used as
technology for body composition analysis. Early BIA
technologywas not very useful in patients with liver dis-
ease, especially those with edema or ascites. However,
BIA is increasingly useful for patients with NASH, for
posttransplant patients, for patients with cirrhosis and
malnourished without ascites, and others. Indeed, in a
study of 41 subjects, Pirlich and coworkers showed a
strong correlation between BIA and the gold standard
of body composition and total body potassium for
assessing malnutrition.18

Causes of malnutrition in liver disease

The causes of malnutrition in liver disease, especially
advanced liver disease, are multiple and often interre-
lated. We highlight below selected important causes of
malnutrition in this population.

Food availability, diet quality, unpalatable diets; Patients
with cirrhosis with fluid retention are usually pre-
scribed a low-sodium diet that is often unpalatable.19

Moreover, certain nutritional supplements also have
palatability issues. Some patients with cirrhosis (with
or without encephalopathy) are inappropriately
prescribed a low-protein diet. Patients with alcohol-
or NASH-related cirrhosis frequently have poor diets
with a high intake of low nutrient-density foods and
beverages, including alcoholic or sugar containing
beverages. These cumulative effects can cause an
overall decrease in energy or protein consumption
and/or food quality leading to malnutrition.20

For example, we recently reported that patients with
early stages of ALD frequently consume w50% of
their calories as alcohol and are often deficient in
serum zinc.21

Anorexia, altered taste, and smell; Anorexia is a major
symptom associated with cirrhosis, which leads to
decreased food intake. Over 60% of AH patients from
VA hospitals had anorexia, and severity of liver disease
was associated with the severity of the anorexia.2e5,22 In
an outpatient study of 200 patients from Eastern India,
100% of those with alcoholic cirrhosis reported
anorexia.23 A study from China reported that about
1/3 of patients with cirrhosis had anorexia, which corre-
lated with the presence of depression.24 Thus, anorexia
was consistent across different liver diseases worldwide.
Anorexia also is common with aging, and many
malnourished patients with advanced liver disease are
older. Lastly, decreased dietary intake and blood concen-
tration of individual nutrients such as zinc may play a
role in anorexia, anosmia, or dysgeusia observed in
some patients with cirrhosis.

Nausea and gastroparesis; Nausea, vomiting, and abdom-
inal bloating are frequent complaints in patients with
advanced liver disease. In patients with sAH, about
50% had nausea.5 In a large group of patients with
cirrhosis who were not eligible for transplantation,
58% had nausea.25 Autonomic dysfunction and gastro-
paresis are frequent in this patient population and often
underdiagnosed.26,27 Indeed, one report showed that

(A) (B)(B)

FIGURE 26.2 A patient in a VA Cooperative Study with decompensated cirrhosis with superimposed AH presented with severe ascites,
muscle wasting, coagulopathy, and encephalopathy. The second panel shows the same patient after 2 years of abstinence with no ascites, a marked
improvement in muscle strength, muscle mass, and functionality. This highlights the potential reversibility of even advanced ALD and the
importance of abstinence and appropriate nutrition.
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95% of patients with cirrhosis had gastroparesis, and
this correlated with severity of autonomic dysfunction.26

Bacterial overgrowth and diarrhea; Small intestinal bacte-
rial overgrowth (SIBO) is common in patients with
cirrhosis28 and may correlate with the degree of under-
lying liver disease.29 SIBO can predispose to nausea,
and bloating, which coupled with anorexia and gastric
compression due to ascites, can deleteriously impact
food intake in cirrhosis. Diarrhea also is common in pa-
tients with advanced liver disease.5 Most of the time,
this is iatrogenic and secondary to the use of nonabsorb-
able disaccharides (e.g., lactulose) in the treatment and
prevention of HE. With advanced liver disease and
further decline of hepatic synthetic function, hypoalbu-
minemia can cause small intestinal bowel wall edema
that can serve as a mechanical barrier to nutrient
absorption.

Hormones and cytokine effects; Proinflammatory cytokines,
such as tumor necrosis factor (TNF), are frequently
increased in liver disease and canmediatemusclewasting
through increasing protein degradation and decreasing
protein synthesis.30 Catecholamines and sympathetic
nervous system overactivity have been postulated to
play a role in the sarcopenia in chronic liver disease.30

Decreased levels of anabolic hormones also likely play
a role in sarcopenia (loss of skeletal muscle mass) and
malnutrition in liver disease. Testosterone levels are
generally decreased in men with cirrhosis, and levels
decrease as the severity of liver disease progresses.31

IGF-1 is produced in the liver and mediates many of

the effects of growth hormone. IGF-1 levels are low in
chronic liver disease and decrease as severity of liver
disease and sarcopenia increase.32

Complications of liver disease; Patients who have compli-
cations of liver disease, such as ascites or HE, are more
likely to have sarcopenia and malnutrition. Patients
with encephalopathy, even those with minimal enceph-
alopathy, may be cognitively impaired and do not eat
appropriately. Moreover, some dietitians and physicians
inappropriately prescribe a low-protein diet for patients
with encephalopathy. Patients with ascites may have
abdominal fullness, anorexia, nausea, and increased
energy expenditure, which improves with paracentesis
to remove excess abdominal fluid.33 Lastly, patients
hospitalized for complications of liver disease often
have meals interrupted due to fasting for medical and
surgical procedures. Thus, nutrition support goals are
frequently not met.

Nutritional mechanisms of liver disease

The mechanisms for liver disease (especially ALD
and NASH) are highly complex, multifactorial, and
often interactive. Patients with ALD or NASH initially
develop fatty liver, and subsequent insults (“hits”)
then cause some patients to progress from fatty liver
to steatohepatitis and/or cirrhosis (Fig. 26.3). Here,
we review in detail the critical nutrition-related mecha-
nisms of gutebarrier dysfunction and the gut:liver axis
in liver disease development and progression. In a
subsequent section, we discuss nutrition and meta-
bolism in detail.

FIGURE 26.3 Fatty liver can develop due tomany causes such as diet, alcohol, or environmental toxins and be adversely impacted bymultiple
factors ranging from nutrition to epigenetics or cytokines. These factors or second “hits” can cause progression from simple fatty liver disease to
steatohepatitis and cirrhosis. These same metabolic factors are operational in most liver diseases ranging from viral liver disease to autoimmune
liver injury. ER, endoplasmic reticulum.
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Gut barrier dysfunction, lipopolysaccharides (LPS), and Gut:
Liver axis

Nutrition and microbiome in liver disease The hu-
man intestinal tract harbors trillions of microbial cells
and thousands of bacterial species known as the micro-
biota. Overall, the predominant bacterial groups in the
gut microbiome are Gram-positive Firmicutes and
Gram-negative Bacteroidetes.34 Intestinal microbiota
play an important role in the host health and have
been implicated in the development of multiple pathol-
ogies, including liver disease. ALD and NAFLD in ro-
dents and humans have been extensively studied, but
other liver diseases, including viral and autoimmune,
have also been evaluated in context of the microbiome.
At the same time, compelling evidence supports the
notion that diet plays a significant role in shaping the
microbiome,35e37 providing a rationale for a promising
therapeutic strategy of the altering gut microbiota and
preventing or treating liver disease through dietary
intervention.

Dietary factors and microbial metabolites in liver
disease Diet is a key component in the mutual rela-
tion between the host and the host resident microbial
community. Moreover, diet is a major factor that modu-
lates the gut microbiota composition, structure, and
function. Nutritional factors, such as dietary carbohy-
drates, proteins, and fats, alter the gut microbiota, and
these diet-induced changes, either beneficial or harmful
for the host, influence the host physiology and
pathology.

Gut microbes produce metabolites from dietary prod-
ucts that serve as signaling molecules between the gut
and distal organs and play a role in host health and liver
disease.38 For instance, short-chain fatty acids, the pri-
mary end products of dietary fiber bacterial fermenta-
tion, play an important role in energy homeostasis,

lipid, and carbohydrate metabolism and suppression
of inflammatory signals.39 Indolepropionic acid and
indole-3-acetate, microbial metabolites of tryptophan,
maintain intestinal homeostasis40 and reduce hepato-
cyte and macrophage inflammation,41 respectively. Tri-
methylamine, a microbial metabolite of choline, is
oxidized to trimethylamine N-oxide (TMAO), is associ-
ated with cardiovascular risk,42 and is implicated in
the development of fatty liver disease.43,44

Dysbiosis and alcoholic liver disease Excessive
alcohol consumption is one of the major risk factors
for liver disease presenting as steatosis, steatohepatitis,
acute AH, fibrosis, and cirrhosis. Both acute and chronic
alcohol intake are associated with increased intestinal
permeability and alterations in the gut microbiota com-
munity, metagenome, and metabolome, all of which
may contribute to the abnormal guteliver axis, thereby
exacerbating alcohol-induced liver injury and inflamma-
tion. Patients with ALD develop dysbiosis and altered
gut barrier function; allowing bacterial products such
as LPS to enter the portal circulation and stimulate he-
patic production of proinflammatory cytokines (e.g.,
TNF) with subsequent liver injury (Fig. 26.4). Our group
was the first to demonstrate that chronic alcohol con-
sumption altered the gut microbiota composition, and
probiotic treatment improved moderate steatohepatitis
in human alcoholics.45 In mice, ethanol and a diet high
in corn oil (w60% linoleic acid [LA], n6 PUFA)
decreased both Bacteriodetes and Firmicutes phyla,
with a proportional increase in the Gram-negative Pro-
teobacteria and Gram-positive Actinobacteria phyla;
these events were associated with disruption of the in-
testinal barrier, endotoxemia, liver steatosis, inflamma-
tion, and injury.46 Chen et al., showed that dietary
supplementation with saturated long-chain fatty acids
corrected the bacterial dysbiosis, mainly by increasing

FIGURE 26.4 Gut barrier dysfunction in alcoholic liver disease. Alcohol consumption may cause dysbiosis and bacterial overgrowth. In-
testinal bacteria alterations result in disruption of gut barrier integrity with the subsequent increase in gut permeability to bacteria-derived
pathogens, including LPS. In the liver, LPS causes hepatocellular inflammation by stimulating hepatic Kupffer cells to release proin-
flammatory cytokines via TLR-4emediated mechanisms leading to liver injury. High-fat or high-carbohydrate or fructose diet may act through
very similar pathways. EtOH, ethyl alcohol; IFN-g, interferon gamma; LPS, lipopolysaccharides; TLR-4, toll-like receptor 4.
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the levels of Lactobacilli and reducing the ethanol-
induced gut permeability and liver injury.47

The gut microbiota can influence the severity of AH.
A study from France48 reported distinct gut microbiota
communities in patients with distinct degrees of severity
of alcohol-induced liver injury. Thus, patients with sAH
had elevated abundance of Bifidobacteria and Streptococci,
and less Atopobium compared to patients with no AH
(noAH). Streptococci and Enterobacteria were positively
correlated with the AH severity. Atopobium and Clos-
tridium leptum, known for antiinflammatory effects in
the intestine, were negatively correlated with blood bili-
rubin and with liver fibrosis score, respectively. This
study48 also demonstrated that intestinal microbiota
contribute to susceptibility to ALD, that the degree of
susceptibility is transmissible from patients to mice,
and that this susceptibility could be reversed with
normalization of the gut microbiota. In this experiment,
mice that received microbiota from a patient with sAH
developed more severe alcohol-induced liver injury,
inflammation, greater intestinal permeability, and
higher translocation of bacteria than mice that received
microbiota from an alcoholic patient without AH
(noAH). Attenuated liver injury in noAHmice was asso-
ciated with Faecalibacterium genus, a known antiinflam-
matory bacterium, and elevated levels of the primary
bile acid, chenodeoxycholic acid, and the secondary
bile acid, ursodeoxycholic acid with known hepatopro-
tective properties. The specific transferred bacteria asso-
ciated with the sAH phenotype, the metabolites
produced, or a combination of these factors may be
transmissible factors contributing to ALD susceptibility.
Fecal transplantation from “alcohol-resistant” mice or
treatment with a prebiotic reversed intestinal dysbiosis
and prevented steatosis and liver inflammation in
alcohol-fed mice.49

Dysbiosis and nonalcoholic fatty liver disease Studies
in animal models have shown a direct link between
the gut microbiota and liver steatosis.50 Using germ-
free animal models, several research groups demon-
strated that mice lacking gut microbiota are resistant
to diet-induced obesity, liver steatosis, and insulin
resistance.51,52 Contribution of the gut bacteria to NAFLD
is multifactorial and may occur via regulation of energy
homeostasis50; modulation of choline53 and bile acid
metabolism54; production of the bacteria metabolites
contributing to hepatic steatosis, e.g., TMAO44; and
the ability to generate bacteria-derived toxins, e.g.,
LPS.55 Small intestine bacterial overgrowth has also
been linked to NASH pathogenesis.56 Elevated repre-
sentation of Escherichia, an alcohol-producing bacteria,
was observed in parallel with increased blood alcohol

concentration in patients with NASH, suggesting a
novel mechanism for the pathogenesis of NASH: gut
microbiota enriched in alcohol-producing bacteria
(e.g., Escherichia coli) constantly produce more alcohol,
which plays a role in the disruption of intestinal tight
junctions, hepatic oxidative stress, and liver
inflammation.57

Microbiota might be a factor in the progression of
NAFLD to more severe forms of liver disease, e.g.,
NASH and fibrosis. Recent research in a well-character
ized population of adult NAFLD patients revealed that
two genera, Bacteroides and Ruminococcus, were signifi-
cantly elevated, while the abundance of Prevotella was
lower in patients with significant fibrosis compared to
patients with no or mild fibrosis.58 Increased abundance
of Bacteroides was independently and positively associ-
ated with NASH, and the Ruminococcus genus was asso-
ciated with fibrosis. A significant shift in metabolic
function of the gut microbiota, specifically impacting
metabolism of carbohydrates, lipids, and amino acids,
was observed in NASH and in patients with significant
fibrosis.59

An exciting advance in the field is the observation
that gut microbiota transplantation from donor mice
with NAFLD replicated the phenotype in wild-type re-
cipients, demonstrating that NAFLD is a potentially
transmissible process.60 Gut microbiome transplantation
has emerged as a novel intervention to manage obesity
and related metabolic complications, including fatty
liver disease.61 The transplantation of fecal microbiota
from mice with endogenous n3-PUFA enrichment
improved metabolic alterations, including hepatic stea-
tosis, and attenuated increased intestinal permeability
caused by a high-fat/high-sucrose diet in mice.62 This
study provides evidence that modulation of the micro-
biota by n3 PUFAs may be beneficial for obese individ-
uals and patients with NAFLD and supports the
concept that the microbiome is a transmissible factor
that can confer benefits to the host.

Novel therapeutic strategies: nutritional modulation
of the gut microbiota The treatment of liver disease
can be challenging. This is especially true for NAFLD
and ALD where there is no FDA-approved therapy.
Increasing data suggest beneficial effects of prebiotics
(nondigestible food substances to promote growth of
beneficial bacteria) and probiotics (live microorganisms
that are favorable to the host) in NAFLD and ALD.63

Given that diet modifies the microbiome, personalized
dietary therapy may emerge as an approach in NAFLD
and ALD. Listed in Table 26.2 are selected modalities
that may be used to modulate the gut microbiome and
treat various forms of liver disease.
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B. Role of Diet on Onset and Progression of
Liver Disease

Protein

Protein malnutrition is common in cirrhosis. Multiple
studies document that these patients consume inade-
quate amounts of protein. Early VA Cooperative studies
indicated that 85 g of protein per day or more was
required to maintain nitrogen balance, yet AH patients
(both inpatient and outpatient) were consistently
consuming about 20 gm/d less than this goal.5 These
same studies showed that protein-calorie malnutrition,
assessed by a composite malnutrition score, was associ-
ated with significantly higher 30-day, 6-month, and 12-
month mortality rates. In a more recent study, Moreno
et al. performed a randomized trial comparing intense
enteral nutrition (EN) with conventional nutrition
support in hospitalized AH patients.64 Patients
receiving <21.5 kcal/kg per day had a significantly
lower survival rate at 6 months than patients who
consumed higher caloric intake. The decreased 6-
month survival was also associated with <77.6 g/d of
protein intake.64 Thus, inadequate protein intake is
frequently observed in patients with cirrhosis, especially
those with superimposed AH.

Inadequate protein intake contributes to loss of mus-
cle mass or sarcopenia.65 Sarcopenia has been reported
in w40e60% of patients with cirrhosis. Patients can
have both loss of muscle mass and impaired muscle
strength. Decreased muscle mass is due to both
increased breakdown of muscle tissue and impaired
synthesis with liver cirrhosis. Sarcopenia has been asso-
ciated with multiple poor outcomes in patients with
cirrhosis, including fatigue, frailty, encephalopathy,
and mortality.58 Patients with cirrhosis are thought to
be in a state of anabolic resistance with inadequate
response to nutrient supplementation, and nutrition
therapy is often not effective. Multiple factors appear
to play a role in sarcopenia in cirrhosis, with elevated
serum ammonia concentrations being a central medi-
ator. Ammonia causes upregulation of myostatin, which
inhibits muscle protein synthesis by impairing mTOR
signaling.65 Other factors include elevated blood endo-
toxin with catabolic cytokine effects and low levels of
testosterone and IGF-1. Lastly, cirrhosis represents a

state of accelerated starvation with an early shift from
glucose to lipid utilization for energy during the postab-
sorptive state.66 Thus, patients with cirrhosis literally go
into a metabolic starvation mode with muscle break-
down during the overnight fast, and this pathologic
state provides the rational for a late evening snack to
block this overnight metabolic shift.

Fat

The amount and composition of dietary fat are known
to contribute to human health and in many chronic dis-
eases, including alcoholic67,68 and non- ALD.69 Evidence
of a link between the dietary fat, alcohol consumption,
and ALD came from the early epidemiologic studies
demonstrating significant correlations between rates of
alcoholic cirrhosis mortality and the products of dietary
animal fat and alcohol consumption.67,70 Subsequent
experimental animal studies revealed that dietary satu-
rated fat, specifically rich in medium-chain fatty acids,
can attenuate liver damage; whereas, dietary unsaturated
fat, specifically rich in corn oil and 56% LA, have shown
to promote alcohol-induced liver damage.71,72 Moreover,
dietary LA, an omega-6 PUFA, was required for the
development of experimental EtOH-induced liver injury,
and the severity of ALD was correlated with the amount
of LA in the diet.73 This observation has an important
public health implication given that LA is a major unsat-
urated fatty acid in the Western diet74 and LA consump-
tion has dramatically increased during the 20th century.75

The deleterious effects of dietary USF in comparison to
the protective effects of dietary SF are partially mediated
through induction of lipid peroxidation and oxidative
stress,72,76e78 elevated blood endotoxin levels, disruption
of intestinal barrier integrity, and the associated increased
production of proinflammatory cytokines.78e80 While the
damaging effects of dietary omega-6 PUFAs, specifically
LA, in ALD are well-documented (reviewed in68), studies
examining effects of dietary omega-3 PUFAs are contro-
versial. Protection,81e83 exacerbation,84,85 or no effects86

of omega-3 PUFA supplementation on EtOH-induced he-
patic steatosis and/or liver injury have been reported.
The use of transgenic fat-1 mice that endogenously
convert omega-6 to omega-3 PUFAs is an innovative
approach to study the role of omega-3 PUFAs in different
pathologies. It has been shown that both endogenous
omega-3 PUFA enrichment in fat-1mice aswell as dietary
DHA and EPA supplementation in wild-type mice allevi-
ated EtOH-induced liver steatosis, liver injury, and
inflammation.87,88

The hallmark of NAFLD is hepatic steatosis, which is
a consequence of the alterations in liver lipid meta-
bolism, i.e., the uptake of fatty acids and de novo lipo-
genesis surpassing rate of fatty acid oxidation and

TABLE 26.2 Modulation of microbiota to treat liver disease.

1. Diet/nutrition
2. Prebiotics
3. Probiotics
4. Fecal Transplant
5. Genetically engineered Bacteria
6. Antibiotics
7. Drugs
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export. It is well documented that dietary fat plays an
important role in NAFLD pathogenesis; dietary fatty
acids are involved in hepatic lipogenesis and may
prevent reverse or exacerbate hepatic fat
accumulation.89,90 Circulating fatty acids may also be
toxic to hepatocytes via multiple molecular mechanisms
(e.g., palmitic acid by inducing apoptosis).91 The evi-
dence from clinical and experimental studies demon-
strates that different dietary fatty acids exert distinct
effects on liver fat accumulation. Consumption of food
rich in SF promotes hepatic and visceral fat storage.
On the other hand, a combination of omega-6 PUFAs
and cholesterol induced hepatic steatosis, inflam
mation, and fibrosis accompanied by hepatic lipid per-
oxidation and oxidative stress in mice and closely
resembles clinical features of NASH in patients with
metabolic syndrome.92 Consumption of the dietary
monounsaturated fatty acid, oleate, compared to palmi-
tate led to worse liver steatosis and adipose tissue
inflammation mimicking the effects of the human West-
ern diet in a preclinical animal study.93 Studies investi-
gating the dietary patterns of patients with NAFLD
versus healthy individuals have reported that those
with NAFLD have lower omega-3 PUFA intake and a
higher omega-6/omega-3 PUFA intake ratio.94 A metaa-
nalysis conducted to assess the effect of omega-3 PUFA
supplementation suggested that omega-3 PUFAs may
decrease liver fat and blood gamma glutamyl trans-
ferase, TGs (triglycerides), and high-density lipopro-
teins in patients with NAFLD/NASH.95

Given the complexity and distinct effects of different
dietary fatty acids on liver health and disease, further
studies are warranted to elucidate the role of total die-
tary fat and specific fatty acids in nutritional strategies
to prevent and treat patients with ALD and NAFLD.

Carbohydrate

Worldwide changes in dietary habits have led to
increased consumption of processed foods rich in simple
carbohydrates.96 All carbohydrates consumed in excess
can cause obesity and fatty liver, but fructose has received
special attention. Increased fructose consumption in the
United States parallels the increased prevalence of
obesity and NAFLD. High fructose intake can induce a
range of metabolic changes, including NAFLD, in both
experimental animals and humans.97e100 Fructose intake
was reported to be significantly higher in patients with
NAFLD than in those without hepatic steatosis or in
healthy controls.96,101 Moreover, increased fructose con-
sumption is associated with more severe fibrosis in adult
NAFLD patients.102,103 Collectively, dietary fructose may
be an important risk factor for the pathogenesis and dis-
ease progression of NAFLD.

The mechanisms of fructose-induced NAFLD are
multifactorial. Gut fructose absorption is saturated at
fairly low levels,104,105 and excessive dietary intake can
easily overwhelm the absorptive capacity leading to
fructose malabsorption. The unabsorbed fructose may
cause gut microbiota dysbiosis and gut barrier
dysfunction.97,106 Dietary fructose may lead to the devel-
opment of NAFLD via at least two ways. The first is its
unique metabolism contributing to the accelerated de
novo lipogenesis.107 The second occurs when unab-
sorbed fructose goes to the distal intestine leading to
gut bacteria dysbiosis and gut barrier dysfunction.
Increased intestinal permeability associated with high
fructose consumption can lead to endotoxemia and
Kupffer cell activation. This increases the secretion of in-
flammatory cytokines, subsequently causing insulin
resistance and fatty liver.97,106,108

Studies in children offer unique opportunities for
evaluating the role of excess dietary carbohydrates and
fructose in the development of NAFLD. Children rarely
have multiple other complicating metabolic diseases
and are often consumers of sugary beverages. A recent
clinical trial enrolled adolescent boys with histologically
diagnosed NAFLD and randomized them to an inter-
vention diet or typical diet.109 The intervention diet con-
sisted of individualized meal planning and provision of
study meals to the entire household in order to restrict
added sugar intake to less than 3% daily calories for
8 weeks. There was a significant decrease in hepatic
steatosis, as well as a significant decrease in blood ALT
in the low sugar intake group.109 This type of well-
controlled study documents the potential reversibility
of NAFLD with dietary intervention.

Micronutrients

Chronic decreased dietary micronutrient intake and
suboptimal status can cause a variety of complications
in liver disease, and deficiencies may enhance liver dis-
ease development or progression. Table 26.3 lists micro-
nutrient deficiencies seen in liver disease. Some
deficiencies can accelerate liver disease or cause life-
threatening complications.

Zinc regulates gene expression through metal-
binding transcription factors and metal response ele-
ments in the promotor regions of regulated genes. The
zinc-finger motifs are important to normal hepatic meta-
bolism, such as hepatocyte nuclear factor 4 alpha and
peroxisome proliferator-activated receptor-alpha.110,111

Patients with cirrhosis, especially due to alcohol, are
commonly zinc deficient. We recently showed that zinc
deficiency occurs early in the development of ALD.
Over the last two decades, a series of studies by Zhou
and coworkers in experimental animals and in vitro
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has increased the understanding of mechanisms,
whereby zinc deficiency exacerbate alcohol-induced
liver injury and mechanisms of how zinc therapy
may prevent or treat alcohol-induced liver injury.
These include increased gut permeability, inflammation
with increased cytokines and oxidative stress, mitochon-
drial dysfunction, and hepatocyte apoptosis.110

Copper is an essential trace element active in biolog-
ical processes in the liver, including normal mito-
chondrial respiration, iron and lipid metabolism,
detoxification of free radicals, and cross-linking of
connective tissue. Dietary copper deficiency can induce
hepatic steatosis and insulin resistance in rats (especially
male rats), suggesting that copper availability may be
involved in the development of NAFLD. Evidence
suggests that hepatic copper concentrations are lower
in patients with NAFLD, and steatosis correlates inversely

with hepatic copper content. The Western diet is often
low in copper. Dietary fructose and copper interact
with high-fructose consumption enhancing copper
deficiencyeinduced fatty liver disease. It is not uncom-
mon to see NAFLD patients with high sugar-
sweetened beverage consumption who have modestly
low blood ceruloplasmin that normalizes with discon-
tinuation of fructose intake. Severe copper deficiency
can occur after gastric bypass surgery for obesity and
present with microcystic anemia and peripheral neurop-
athy.112 Excess copper intake with subsequent
hepatotoxicity and fibrosis is well documented in Wil-
son disease and cholestatic liver diseases, including
primary biliary cholangitis.113 Copper toxicity occurs
through multiple mechanisms, including oxidative
stress.

Other minerals of particular relevance to liver disease
include selenium (potential antioxidant function), chro-
mium (glucose tolerance), magnesium (muscle cramps,
insulin resistance), and manganese. Manganese is
excreted via the biliary route and can be deposited in
the brain with subsequent encephalopathy.114

End-stage chronic liver disease can result in thiamine
deficiency caused primarily by depletion of liver thia-
mine stores. Thiamine deficiency is particular prevalent
in patients with alcoholic cirrhosis, and there are direct
effects of ethanol on dietary thiamine absorption from
the gastrointestinal tract. Thiamine deficiency can cause
Wernicke’s encephalopathy, a metabolic encephalopa-
thy that is characterized by ophthalmoplegia, ataxia,
confusion, and memory loss. Importantly, neurologic
complications can also occur after gastric bypass sur-
gery, especially if patients develop nausea and vomiting.
Wernicke’s encephalopathy is a neurologic emergency
and requires immediate IV thiamine administration.115

Malabsorption of the fat-soluble vitamins A, D, E, and
K is well described in patients with advanced cholestatic
liver disease.116 Vitamin A plays a critical role in multi-
ple metabolic pathways ranging from visual function
to gene transcription. The liver is the major storage site
for vitamin A (>90%), with most found in the liver stel-
late cells. Studies indicate that over 60% of patients with
cirrhosis have low serum vitamin A levels, and 40% in
one study had impaired dark adaptation that was not
recognized by the patient.117,118 Caution must be used
in giving higher dose vitamin A supplements to patients
with liver disease due to potential toxicity, including
liver toxicity.119 Vitamin E is a lipid-soluble antioxidant
that prevents the propagation of free radicals. Low
blood vitamin E has been found in patients with
NASH as well as ALD, and in those with other forms
of cirrhosis. Vitamin E is used as therapy in early
NASH. Vitamin D is important for bone health and
plays an important role in immune regulation and gut

TABLE 26.3 Mineral and vitamin clinical signs and symptoms in
patients with liver disease.

Mineral/Vitamin Complications

Iron Anemia, fatigue

Magnesium Muscular cramps, weakness,
insulin resistance, decreased bone
density

Calcium Decreased bone density, tetany

Zinc Skin lesions, anorexia, growth
retardation, decreased wound
healing, hypogonadism,
decreased immune function,
diarrhea, depressed mental
function

Copper Anemia, neutropenia, neuropathy

Chromium Glucose intolerance

Selenium Myopathy, cardiomyopathy

Vitamin B12 Megaloblastic anemia,
neuropathy

Folate Macrocytic anemia, increased
cancer risk, increased
homocysteine

Thiamine Ataxia, encephalopathy

Niacin Dermatitis, diarrhea, dementia

Vitamin A Decreased night vision, skin
lesions

Vitamin D Bone disease, immune and gut
barrier dysfunction

Vitamin E Oxidative stress

Vitamin K Bruising, impaired clotting
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barrier function. Vitamin K plays an important role in
blood clotting.

III. PRIMARY TREATMENT
MODALITIES FOR LIVER DISEASE

A. Medical and Surgical Treatment

Of the three major forms of liver disease in the world
(viral, alcohol, obesity-related), only viral-induced liver
disease has FDA-approved therapies. The major types
of chronic viral liver disease are hepatitis C and hepatitis
B. Hepatitis C is diagnosed by an antibody test and
confirmed by quantifying HCV RNA. Hepatitis C is a
single-stranded RNA virus that does not have a latent
host reservoir, and thus, patients are able to be cured
of the virus. In 1991, alpha-interferon therapy was intro-
duced, and in 2011, DAAs were introduced. Current
DAA therapy provides >90% cure rate in most patient
populations, and there has been a decrease in HCV
deaths in the United States.120 The diagnosis of hepatitis
B is documented by the presence of a hepatitis B surface
antigen. Patients are considered to have chronic hepati-
tis B if they have had the disease for at least 6 months.
Hepatitis B can be spread by percutaneous and sexual
exposure or by person-to-person contact.121 Hepatitis B
is different from most other forms of liver disease in
that patients do not have to have cirrhosis to be at life-
long risk for HCC and requiring cancer surveillance.
Hepatitis B is decreasing in many parts of the world
due to the hepatitis B vaccine and effective nucleos(t)
ide analogue therapies. These drugs are highly effective
at suppressing the virus but do not cure the disease.
While ALD and NASH have no FDA-approved thera-
pies, it is projected that a NASH drug may be approved
in the near future.

There are two therapies for certain forms of liver dis-
ease: bariatric surgery for NASH and liver transplanta-
tion. Bariatric surgery is indicated for rapid and
permanent weight loss. It is currently indicated for
severely obese individuals with a body mass index
(BMI) > 40 kg/m2 or with a BMI �35 kg/m2 and
obesity-related comorbid conditions. It has the potential
to improve metabolic syndrome, diabetes, and even
liver histology in patients with NAFLD. It has the poten-
tial to reverse NAFLD risk factors, including insulin
resistance, dyslipidemia, and inflammation.122,123 The
most commonly studied procedure for NAFLD is lapa-
roscopic or open Roux-en-Y gastric bypass and other
procedures like laparoscopic adjustable gastric banding,
sleeve gastrectomy, gastroplasty, biliointestinal bypass,
and biliopancreatic diversion. Similarly, endoscopic
obesity treatment approaches such as gastric balloons
have been evaluated. A metaanalysis of 15 cohort

studies found an improvement or resolution in steatosis
in 91.6% of patients, steatohepatitis in 81.3%, and
fibrosis in 65.5% after bariatric surgery.124 Similar results
were also been shown is a prospective cohort study on
381 patients where improvement was documented in
steatosis, ballooning, and overall NASH Activity Score,
with a significant reduction in the percentage of patients
who had NASH patients at five postsurgery years
compared with before.125 However, 5 years after
surgery, 19.8% of patients had significant worsening of
fibrosis for unknown reasons.

A metaanalysis that included 32 studies, 2649 bi-
opsies, with a median follow-up period of 15 months
showed a complete resolution of steatosis in 66% of
patients, inflammation in 50% of patients, ballooning
degeneration in 76%, and complete resolution of fibrosis
in 40% of patients.126 12% of patients had worsening or
development of fibrosis following bariatric surgery.
These findings relate to the type of bariatric procedure
or the malnutrition and malabsorption that can result
from bariatric surgery for severe obesity.127

Mortality in obese patients with NAFLD has been
studied following bariatric surgery. In one study, no in-
crease in all-cause mortality after bariatric surgery was
observed; however, there was an increased mortality
rate ratio for gastrointestinal and liver diseases,
including peritonitis and intestinal obstruction.128 Over-
all, no significant increase of liver-related mortality after
bariatric surgery is reported, but larger studies are
needed.129

There were no randomized clinical trials included in
the metaanalyses, as all studies were single-arm exam-
ining the effect of bariatric surgery on NAFLD before
and after surgery, with no comparator groups. While
randomized clinical trials are needed, the current litera-
ture supports improvement or resolution of fibrosis in
obese NAFLD patients who undergo bariatric surgery,
and it should be considered as a treatment option.

B. Nutritional Therapy

Outpatient

Interest in outpatient nutritional therapy for patients
with cirrhosis was first stimulated when Patek et al.130

demonstrated that a nutritious diet improved the
5-year outcome of patients with cirrhosis compared
with a similar group of patients consuming their typical
inadequate diet. Other studies further support the
concept of improved outcomes with nutritional support
in patients with cirrhosis. Hirsch et al.131 demonstrated
that a group of outpatients supplementing their diet
with an enteral product (1000 kcal [4.2 MJ/d], 34 g
protein) had significantly improved protein intake and
fewer hospitalizations. These same investigators
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provided an enteral supplement to outpatients with
alcoholic cirrhosis and observed an improvement in
nutritional status and immune function.132 A Japanese
study evaluated over 200 patients with cirrhosis (of
diverse etiology) who either received nutritional coun-
seling from a dietitian following nutritional assessment
or standard of care. Patients were followed for approxi-
mately 5 years, and those who had nutritional coun-
seling had improved survival. Patients with Child’s A
cirrhosis showed the greatest benefits. The study high-
lights the importance of an initial nutritional assessment
followed by dietary counseling and subsequent nutri-
tional therapy and follow-up assessments.

When first evaluating an outpatient with cirrhosis, an
initial assessment of fluid and electrolyte status is
needed, as well as nutritional status using the subjective
global assessment or other evaluation methods. Further
nutritional evaluation and treatment can be imple-
mented using more detailed assessment including
body composition analysis and nutritional consultation
to document current intake and plan for initial dietary
management. The immediate evaluation of fluid and
electrolyte status is critical because factors such as dehy-
dration and renal dysfunction or hyperkalemia can lead
to life-threatening consequences. Sodium is the primary
electrolyte in body fluids (blood, serum, plasma) outside
cells, with only 5% of total body sodium occurring intra-
cellularly. Sodium, together with potassium, assists in
maintaining the body’s electrolyte and water balance.
Hyponatremia (low serum sodium) is a frequent compli-
cation of liver disease133 and usually occurs with typical
or increased sodium intake being offset by increases in
total body water volume. The increased water and so-
dium present as edema or ascites. Impaired free water
clearance and the use of diuretics contribute to
decreased sodium concentration. In patients with
decompensated liver disease, the main way of treating
hyponatremia is fluid restriction. Hypernatremia occurs
less frequently in liver disease, and it is usually due to
medical interventions with diuretics or lactulose ther-
apy. Hypokalemia is frequently observed in liver dis-
ease.133 Unlike sodium, potassium is predominantly an
intracellular electrolyte. Hypokalemia may occur as a
result of poor dietary intake; losses because of nausea,
vomiting, or diarrhea; or use of diuretic medications to
control edema or ascites. Various metabolic factors
(e.g., increased insulin levels and respiratory alkalosis)
may shift potassium from the extracellular fluid into
cells, thus decreasing the serum potassium concentra-
tion. Hypokalemia can produce a spectrum of conse-
quences ranging from muscular weakness to cardiac
arrhythmias and even cardiac arrest. Hyperkalemia is
much less commonly observed in liver disease and
usually accompanies renal failure and use of
potassium-sparing diuretics. It is vital that patients not
be placed on potassium-containing salt substitutes while

on potassium-sparing diuretics because severe hyperka-
lemia can occur. Hypophosphatemia may occur in very
malnourished patients with liver disease and this can be
exacerbated by refeeding. Thus, serum levels of these
electrolytes need to be monitored, especially during
refeeding of malnourished patients.

Dietary restrictions are necessary at times in the
course of liver disease but are often detrimental in main-
taining adequate nutritional intake. Sodium restriction
is probably the most important change in the diet of pa-
tients with decompensated cirrhosis, and 1e2 g sodium
diets are usually well-tolerated and can be followed by
well-coached patients. Total fluid restriction is some-
times necessary to correct hyponatremia.134

Limiting protein intake was used in the past as part of
the treatment for HE. Current evidence does not support
protein restriction and will be explained throughout this
chapter.135,136 HE can be improved by interventions
including optimizing adequate intestinal transit time;
preventing small- and large-bowel bacterial overgrowth
by decreasing portal hypertension and use of antibiotics,
lactulose, and probiotics; maintaining electrolyte,
vitamin, and mineral status; and possibly by supple-
menting casein or vegetable protein in the diet. HE
occurs more often in patients with muscle mass deple-
tion. Skeletal muscle is involved in ammonia detoxifica-
tion due to the reduced capacity of urea synthesis in the
cirrhotic liver. In malnourished patients with cirrhosis
and HE, the improvement of nutritional status and
muscle mass could be a potential treatment goal.137

Early breakfast improves cognitive function in patients
with minimal HE, and after food intake, alertness im-
proves for a period of time, supporting the use of
frequent small meals in advanced liver disease.138

A large body of evidence exists on the use and safety
of BCAA preparations in the management of overt HE.
BCAA has also been considered to treat malnourished
patients with cirrhosis to improve nutritional status.
However, a systematic review found the heterogeneity
of studies due to variability in BCAA dose (total, relative
proportions), duration, disease severity, and lack of uni-
formity in tools standardized for assessing patient out-
comes limits overall strength of evidence and
conclusions. Further studies of BCAA supplementation
as a therapeutic treatment of malnutrition in chronic
liver disease are warranted.139

Sarcopenia is a progressive and generalized loss of
skeletal muscle mass, strength, and function and an
important feature in malnourished patients with chronic
liver disease. Optimizing bedtime nutrition intake can
minimize and even reverse loss of muscle mass.140

Late evening snacks are strongly encouraged for
cirrhotic patients. When adequate oral intake cannot
be maintained, nutritional intake should be supple-
mented with overnight enteral feedings via small-bore
nasoenteric tubes. When the enteral support fails or is
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contraindicated, total parenteral nutrition (PN) should
be considered. Lastly, physical inactivity contributes to
sarcopenia. Modest exercise should be recommended
in patients who can participate. Exercise can help main-
tain muscle mass and functionality, as well as improving
quality of life and fatigue.141e143

Lifestyle modification is important for patients with
liver disease, especially those with ALD or NASH. Pa-
tients with ALD should be referred to an alcohol treat-
ment program for support to reduce alcohol intake.
Current treatment recommendations for patients with
NAFLD include both diet and physical activity for
weight reduction and weight loss surgery for extreme
obesity. One year of intensive lifestyle intervention in
patients with type 2 diabetes was shown to reduce
steatosis and incident NAFLD.144 Studies examining
the effects of dietary interventions reveal that caloric re-
striction can result in significant changes in both liver fat
and volume within a few days.145 The use of
low-carbohydrate diets in NAFLD is an area of
increasing interest. A low-carbohydrate, ketogenic diet
in patients with NASH led to significant weight loss
and histologic improvement of fatty liver disease at
6 months.146 Dietary avoidance of lipogenic and simple
sugars, especially fructose, is recommended.147 A reduc-
tion in the consumption of sugar-sweetened beverages
can lead to weight loss owing to a reduction in total cal-
ories consumed.148 Regarding exercise, vigorous exer-
cise may be most beneficial, as it appears that exercise
intensity may be more important than duration or total
volume in liver disease.149 Weight loss by bariatric
surgery attenuates both steatosis and steatohepatitis,
but evidence supporting improvements in fibrosis are
limited.150 Coffee is the most popular beverage in the
world, and it recently has been shown to have health
benefits for patients with liver disease. Several studies
from different parts of the world have shown that coffee
consumption was associated with lower liver enzyme
levels (AST, ALT, and gamma glutamyl transpepti-
dase).151 Coffee consumption also significantly reduced

the risk of hepatic fibrosis and cirrhosis.152 A metaanal-
ysis on coffee consumption in NAFLD patients showed
an inverse association of coffee intake with fibrosis
severity.153 The relation between coffee consumption
and HCC has been studied as well. A metaanalysis
published in 2013 reported a 40% protective effect of cof-
fee consumption on the development of HCC
(RR �0.60).154 The protection was higher in high con-
sumption (�3 cups/d, RR 0.44) versus low consumption
(1e2 cups/d, RR 0.72). The exact mechanism of benefi-
cial effects of coffee is not clear, but potential mecha-
nisms include the effect of these bioactive compounds,
in addition to the antioxidant properties of coffee.155

Coffee also has antiinflammatory properties: a study
showed significantly lower levels of inflammatory
markers in coffee drinkers compared to nondrinkers.156

There is no FDA-approved therapy for NAFLD. Phar-
macologic therapies mostly target components of the
metabolic syndrome or oxidative stress associated with
the pathogenesis of NASH.150 Vitamin E was initially re-
ported to have beneficial effects in some but not all
studies of patients with fatty liver (NASH).157 The
most important and compelling vitamin E data were
from a large multicenter NIH-funded trial that assigned
247 adults with NASH (without diabetes) to receive pio-
glitazone at a dose of 30 mg daily (80 subjects), vitamin E
at a dose of 800 IU daily, or placebo for 96 weeks.158

Vitamin E therapy, as compared with placebo, was asso-
ciated with a significantly higher rate of improvement in
NASH (43% vs. 19%, P ¼ .001). Serum alanine and aspar-
tate aminotransferase were reduced with vitamin E and
with pioglitazone, as compared to placebo (P < .001 for
both comparisons). No treatment was associated with
an improvement in fibrosis. Subjects who received pio-
glitazone gained more weight than did those who
received vitamin E or placebo. In conclusion, vitamin
E improved liver histology and liver enzymes and was
not associated with the weight gain seen with pioglita-
zone. We consider 800 IU of vitamin E to be the preferred
therapy for NASH without cirrhosis. AASLD guidelines
recommend that patients should not have diabetes and
should have biopsy-documented NASH.157

Inpatient care

Patients with liver disease, especially those with
cirrhosis, are at high risk formalnutrition during hospital-
ization, especially when hospitalized in the intensive care
unit (ICU). Thus, hospitalized patients should be moni-
tored for malnutrition using tools described in Table 26.1.
It is important to rapidly diagnose metabolic distur-
bances including alterations in sodium, potassium, and
phosphorus. Monitor food consumption and utilize oral
nutritional supplements, including a nighttime snack,
in patients to ensure optimal protein/energy require-
ments by the oral route. A high-protein intake is critical,
usually in the range of 1.2e2.0 g/kg BW/d (Table 26.4).

TABLE 26.4 Nutrition support goals for hospitalized patients
with liver disease.

• Early nutrition assessment and evaluation of serum electrolytes
• Formulate water and electrolyte intake to individual needs, renal

function, diuretic sensitivity
• Total energy intake goal: w1.0e1.4� resting energy expenditure or

w25e40 kcal/kg body weight/day
• Protein: w1.2e2.0 g/kg per day (upper range in hospital)
• Fat: w30e40% of nonprotein energy
• Replace vitamins and minerals as indicated, and avoid excessive

iron, copper, and vitamin A supplementation
• Supplement daily oral intake with enteral feedings (parental if

enteral route otherwise contraindicated), if oral intake is insufficient
• Hypocaloric, high-protein diet for obese subjects
• Nutrition education with dietitian including implementation of

nighttime snacks
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In patients with inadequate oral intake, early EN sup-
port is especially important because it has the potential
to reduce complications and length of stay, and to posi-
tively impact patient outcomes. EN is favored over PN
because of cost, risk of central line infection and sepsis
with PN, and maintenance of the gut barrier function.
Obese, very ill patients with liver disease represent a
nutritional challenge. Current guidelines recommend
the use of hypocaloric, high protein nutrition therapy
in an attempt to preserve lean body mass, to mobilize
fat stores, and to minimize overfeeding complications
in these at-risk obese patients with liver disease.159

Energy targets are low in patients with BMIs of 30e50,
usually 65%e70% of requirements as measured by indi-
rect calorimetry or approximately 11e14 kcal/kg of
actual body weight per day. However, protein require-
ments are high, usually projected at 2.0e2.5 g/kg of
ideal body weight per day.159 It is a challenge to create
and implement an appropriate diet plan that is high in
protein, but restricted in calories and sodium.

The patient with acute liver failure is often not
malnourished at presentation; however, the acuteness
and severity of illness make the patient hypercatabolic
prompting strong consideration for careful nutritional
evaluation and support. A serious complication of acute
liver failure is the development of hypoglycemia, which
is seen in up to 45% of patients in the ICU. 1.5e4 gm/
kg/d of intravenous glucose is recommended to prevent
hypoglycemia and close monitoring of serum glucose
every 2 h. In the patient who is receiving sufficient EN
or PN, IV glucose may not be required. Because it is
important to minimize the risk of brain edema, restric-
tion of free water is often implemented. It is advisable
to give the IV glucose in a 0.9% sodium solution
and to choose an enteral formula with high caloric
density to support fluid restrictions.

There is no consensus on nutrition support for pa-
tients with acute liver failure, and guidance is largely
empirical. Calorie and protein requirements are consid-
ered to be similar to other critically ill patients. Early
enteral feeding will maintain gut integrity, minimize
muscle loss, and reduce the risk of gastrointestinal
bleeding. Use of total PN based on baseline nutritional
status and duration of low-calorie intake should be
considered if EN is contraindicated.

Transplantation

Malnutrition is a risk factor for general postoperative
morbidity (e.g., poor wound healing, infections) and
mortality, and this holds true for liver transplantation.
In one study, malnutrition was the only variable of six
studied that significantly affected outcome, was poten-
tially alterable, and was not completely dependent on
underlying hepatic function.160 Moderately to severely
malnourished patients had prolonged ventilator times,
ICU lengths of stay, total hospital lengths of stay, and

increased hospitalization costs, and findings were
similar to another study.161 Mortality increased 3.2-fold
when significant weight loss in body mass was present
preoperatively.162 Using a modified subjective global
assessment of malnutrition, Pikul et al.161 found a 79%
incidence of malnutrition in 68 adult liver transplant re-
cipients; in those with moderate and severe malnutri-
tion, they found a significant increase in the number of
days requiring ventilatory times, number of days in
the ICU and in the hospital, and a higher incidence of
tracheostomy. In this study, patients with moderate
and severe malnutrition had a significantly higher mor-
tality than did those with an adequate status or mild
malnutrition. A universal component of chronic liver
disease is the loss of muscle mass and strength, and
these deficits are associated with impaired health-
related quality of life, which persist to a lesser degree af-
ter liver transplantation.163,164

The pediatric literature presents similar information.
Children awaiting a liver transplant are malnourished
up to 60%e80% of the time, and malnourished patients
have higher rates of morbidity andmortality, both before
and after liver transplantation. Nutritional status should
be assessed at every clinic including taking a detailed in-
terval history, physical exam, laboratory testing, and
anthropometric measurements. Nutritional needs vary
among patients, but increasing caloric intake, supple-
mentation with medium-chain TGs, and prevention of
essential fatty acid and fat-soluble vitamin deficiencies
are common dietary interventions in this population.165

Overweight and obesity can also complicate care for
patients with chronic liver disease, especially if liver
transplantation is indicated. An analysis of 18,172 liver
transplant recipients showed that primary nonfunction
and 1- and 2-year mortality rates were significantly
higher in patients with morbid obesity (BMI >40 kg/
m2). The 5-year mortality rate was higher in patients
with BMI >35 kg/m2, largely due to cardiovascular
events.166 However, a similar study, which corrected
BMI values for ascites, found no difference in survival
across BMI categories.167 In another study, liver trans-
plant recipients with lower BMI (<18.5) were found to
have higher 1-year graft loss and mortality rates while
obese patients did not.168

Nutritional intake and status usually improve after
liver transplant as the many metabolic alterations
causing malnutrition in patients with cirrhosis are
improved by a healthy, functioning liver. Dietary intake
problems are expected to improve as patients improve
postoperatively, but this is variable. After liver trans-
plant, nutrition support should be initiated within
12e24 h. If patients are unable to tolerate sufficient
oral intake, nutritional supplements are given though
a nasoenteric tube, which is preferable to PN. Generally,
nutrition goals include calories at 120%e130% of the
estimated resting energy expenditure and 1.2e1.5 g/
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kg/d of protein, since some hypermetabolism is present
in the immediate postoperative phase and can persist for
up to 6 months after liver transplant.169 Additional post-
transplant nutritional challenges include education
regarding foodedrug interactions with immunosup-
pressive medications (e.g., grapefruit products increase
tacrolimus blood levels) and other potential risks such
as raw and undercooked seafood that can transmit bacteria
and cause infections in immunosuppressed individuals.

Weeks to months after transplantation, patients are
prone to develop hyperglycemia, hypertension, and
dyslipidemia as immunosuppressant drug-related side
effects. Patients often have progressive weight gain,
mostly as fat mass as opposed to lean mass, and
continued skeletal muscle deficiency. A retrospective
study of patients who underwent liver transplant found
that 44% had some residual malnutrition 1 year after
transplant.170 In another study, only 6% of patients had
reversal of sarcopenia after liver transplant, and 70%
of those who were not sarcopenic before transplant
developed sarcopenia posttransplant.171 In several
studies, patients evaluated 1e4 years after transplant
found rates of obesity of 21%e31%, which increased
over time.170,172 This weight gain and increase in fat
mass can lead to the metabolic syndrome, which is an
increasing cause of long-term morbidity and mortality
in patients after liver transplantation.

In the postliver transplant transition, there is a period
of accelerated bone mineral density loss due to cortico-
steroid therapy and decreased patient mobility and
physical activity. After this accelerated bone loss, there
is a period of increase in bone mineral density that can
continue for several years posttransplant.173 Calcium
supplementation is important during the period of
increased bone formation. Bone mineral density moni-
toring is recommended for liver transplant recipients,
especially in the first 5 years after transplant.174

IV. DRUGeNUTRIENT
INTERACTIONS IN LIVER DISEASE

Food, nutritional supplements and drugenutrient in-
teractions, and potential hepatotoxicity are well estab-
lished.175 Dietary supplements are not regulated in the
United States and can be contaminated with toxins or
drugs. For example, supplements have been contami-
nated with small amounts of prescription drugs such
as antibiotics or heavy metals, including lead or mer-
cury. An example of a nutritional supplementedrug
interaction is that of St. John’s Wort.175 This interaction
was highlighted when postheart transplant patients
developed rejection episodes after initiating St. John’s
Wort, likely due to the induction of cytochrome
P4503A4 by St. John’s Wort.176 Grapefruit juice de-
creases the metabolism of over 80 drugs.176 Thus, both
increased and decreased metabolism can occur. The
gut microbiome has an effect on metabolism, efficacy,
and toxicity of some drugs used in liver disease. For
example, certain bacterial species are present in the gut
microbiome of patients who respond to PDE-1 check-
point inhibitors used for cancer therapy compared to
those who do not respond positively.177 Transfer of these
microbes into germ-free mice improved immuno-
therapy efficacy. In another example, urinary concentra-
tions of the bacterial product p-cresol correlated with the
rate of metabolism of acetaminophen. This is because
p-cresol competes with the sulfonation step in acetamin-
ophen metabolism, and thus in acetaminophen detoxifi-
cation. There are also natural nutrientenutrient
interactions, such as zinc interacting with copper.
Thus, zinc supplementation may impair copper absorp-
tion and can induce copper deficiency. Indeed, high
doses of zinc are used therapeutically in Wilson’s dis-
ease for this exact “side effect” of producing copper
deficiency.111

RESEARCH GAPS

We need a better understanding of the interactions and cross talk between the liver and other organs and tissues
(e.g., guteliver axis and livereadipose tissue axis). The role of the gut microbiome in liver disease onset and
progression, as well as in obesity and systemic inflammation, is a likely target for therapeutic interventions.
How liver disease alters the gut microbiome, and whether changing the gut microbiome with probiotics/prebi-
otics attenuates or prevents liver disease in humans are important areas of future investigation. Similarly, there
are major gaps in our knowledge concerning drugenutrient interactions in liver disease. Clinical trials,
including dose-finding studies and finding appropriate biomarkers, are needed to study the efficacy of nutri-
tional support and interventions on hepatic outcome. Major gaps exist in the understanding of sarcopenia,
anabolic resistance, and nutritional interventions. Nutrients impact gene expression, and there are important
gaps in knowledge of the role of nutrition-related epigenetics in liver disease. Research into the above areas
will markedly expand our understanding of mechanisms of liver disease and potential nutritional interventions
to prevent or treat liver disease.
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SUMMARY

Anemia is the most prevalent nutritional problem globally, and poor nutrition is the foremost cause. Iron
deficiency alone accounts for about half of all anemia cases, although deficiency of other nutrients may
also occur. Anemia increases mortality risk especially in vulnerable groups, adverse pregnancy outcomes,
poor cognitive development, increased health care costs, and lower productivity of workers.

Understanding iron metabolism will allow the design of anemia prevention and treatment programs.
Dietary iron is absorbed in the duodenum, and the rate of absorption can be enhanced or inhibited by the
coingestion of other food items. Transferrin and ferritin transport and store iron respectively. Hepcidin
influences the rate iron is absorbed from intestines and released from the reticuloendothelial system into
the blood.

Iron supplementation prevents anemia in pregnancy and thereby reduces the risk of adverse pregnancy
outcomes. The World Health Organization recommends iron supplementation as part of standard care.
Yet, fewer than 10% of pregnant women in many settings use them adequately. Food fortification with
iron is cost-effective, and multiple countries have instituted fortification programs.

Other micronutrient deficiencies cause anemia too. Deficiencies of folate, vitamin B12, and vitamin A are
reviewed in this chapter. Multiple micronutrient supplementation prevents anemia and reduces the risk
of adverse pregnancy outcomes such as preterm births, small-for-gestational age, and low birth weight,
compared to iron and folic acid alone. Anemia may also be prevented by delayed umbilical cord clamping
at birth, control of infections, and most importantly, intake of high-quality, diverse diets.

Keywords: Anemia; Child; Fortification; Iron; Pregnancy; Supplementation.

I. NORMAL FUNCTION AND
PHYSIOLOGY

A. Introduction

Anemia is the most prevalent nutritional problem
globally. It refers to blood hemoglobin concentration
below normal levels and a low oxygen-carrying capacity
of the blood. People who are anemic may be pale, weak
or easily tired. As anemia becomes severe, shortness of
breath and palpitations occur when oxygen delivery to
tissues is impaired. Anemia is a leading cause of death

and disability worldwide. It accounted for 3.5% of the
total years lived with disability from all conditions in
2017.1 In 2012, the 65th World Health Assembly set a
global nutrition target to halve the burden of anemia
among women of reproductive age group by 2025.2

B. Epidemiology

Anemia disproportionately affects residents of low-
and middle-income countries (LMICs), with the greatest
burden in West Africa and South Asia.3,4 Prevalence
estimates vary by age, sex, socioeconomic status, and
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location. The public health significance of anemia in a
country is classified mild if prevalence is >5%, moderate
if 20%e40%, and severe if � 40%.5 The burden of anemia
is greatest in children <5 years (43.6%) and pregnant
women (38.2%).2 The prevalence is>80% among children
in Mali and Sierra Leone.6,7 Anemia is more common in
females than males, and the main causes of anemia differ
by sex. Increased physiologic demands for maternal
metabolism and fetal development during pregnancy is
a major cause of anemia in females. The prevalence also
differs by the burden of infections in the different coun-
tries. The average prevalence in high infection burden
countries is 40%, and only about 12% and 7% inmoderate
and low infection burden countries, respectively.8

Anemia remains an important challenge in high-
income countries. The burden is higher in certain demo-
graphic groups such as children, pregnant women,
elderly persons, and racial minoritiesdespecially non-
Hispanic blacks and Hispanics.9,10 The prevalence of
anemia among pregnant women in high-income coun-
tries is about 22%. The prevalence of anemia in some
of these countries is also on the rise, with >50% increase
in the United States and Italy between 2002 and 2013.9,10

Despite these distinctions by country income classifica-
tion, anemia prevalence is only slightly influenced by
national economic growth. For every 10% increase in in-
come per capita, the prevalence of anemia among
children <5 years reduces by 2.5%.11 Even in the same
country, it would take a fivefold increase in income to in-
crease hemoglobin concentration by 1 g/dl.12

Iron deficiency (ID) is the most common cause of ane-
mia globallydaccounting for about half of all cases. Sur-
veys using ferritin estimates corrected for inflammation
suggest that the proportion of anemia due to ID range
from 19%e38% in most countries.3 Hookworm, malaria,
and schistosomiasis (urinary and intestinal) infections,
sickle cell anemia, thalassemia, chronic kidney disease,
and cancers are also important causes.

Other common nutritional causes of anemia include
deficiencies in vitamin A, folate, riboflavin (B2), and
cyanocobalamin (B12). These often coexist with ID in
resource-poor settings, making the attribution of etiology
challenging.8 Inadequate dietary iron intake during preg-
nancy and obstetric hemorrhage contribute to elevated
risk of anemia in the immediate postpartum period.

The prevalence of anemia among children in many
countries exceeds 60%. Age <2 years, low socioeconomic
status, poor diet quality, malnutrition, and having been
breastfed for <6 months are important predictors.13e15

Anemia is also common in children with incomplete
vaccination or who had a recent febrile illness.16 Malaria
is themost important cause of anemia in LMICs, and ane-
mia is common among children who do not own a bed-
net. Children with repeated malaria episodes may have
fourfold greater risk severe anemia compared to counter-
parts.15 Anemia is also common in infants whosemothers

were anemic during pregnancydreflecting poor in utero
iron transfer to the fetus, as well as poor quality of wean-
ing diet and other environmental exposures.13,17

Adolescence is a critical period of increased nutri-
tional demands for development, often coupled with
behavioral challenges and reduced dietary intake and
quality, and therefore warrants careful consideration.18

Hormonal and reproductive peculiarities of adoles-
cence, including menstrual abnormalities and inhibition
of erythropoietin by estrogen, increase anemia risk
among adolescent girls.18 Adolescents who become
pregnant have a greater risk of anemia compared to
other adolescents and adult women.19

The burden of anemia among the elderly is consider-
able. In the United States, the prevalence was 4% among
50e59 year olds, 7% among 60e69 year olds, 12%
among 70e79 year olds, and 19% among 80e85 year
olds. Anemia is more common among elderly males
than their female counterparts, and in non-Hispanic
blacks compared to individuals belonging to other racial
or ethnic groups.9 Poor diet quality accounts for approx-
imately one-third of anemia cases in the elderly. Of
these, ID alone accounts for half. Anemia of inflamma-
tion (AI) accounts for >20%, often in association with
kidney disease, cancers, and heart conditions. Anemia
is negatively associated with quality of life, physical
functioning, and muscle strength in the elderly.20

C. Consequences and Economic Burden

Mortality

Anemia can be so severe as to impair oxygen delivery
to tissues considerably, leading to death. This is more
likely to occur among the elderly,20 children under the
age of 5 years, pregnant women (especially if obstetric
hemorrhage is excessive), and patients with advanced
pulmonary tuberculosis or HIV.21 Among pregnant
women with anemia, modest amounts of obstetric hem-
orrhage may be associated with the occurrence of severe
maternal outcomes, including mortality.22 Among
adults with HIV, studies examining the association of
baseline anemia with all-cause mortality have consis-
tently reported increased risk of mortality as anemia
severity worsens.23e25

In the context of acute blood loss, severe anemia ac-
companies hypovolemic shock, hemodynamic insta-
bility, and organ damage leading to death.26 If anemia
is chronic and severe, impaired oxygen delivery to tis-
sues can increase to compensatory increases in the work-
load of the heart, ultimately leading to heart failure and
death. Anemia may also increase the risk of severe infec-
tions, leading to mortality.

Adverse pregnancy outcomes

The consequences of anemia in pregnancy stem from
poor tissue oxygenation, reduced work capacity and
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exercise tolerance, blood pool expansion, disordered
fetal and placental growth, and nutrient loss during
childbirth. Anemia in pregnancy is associated with
increased risk of critical pregnancy outcomesdpreterm
birth (by 63%), low birth weight (by 31%), perinatal mor-
tality (by 51%), and neonatal mortality (by 2.72-fold).4 In
LMICs, 12% of low birth weight, 19% of preterm births,
and 18% of perinatal mortality are attributable to
maternal anemia.4 These consequences are more likely
if anemia occurs in the first and second trimester.4

Poor cognitive development

There is strong evidence that anemia is associated
with depressed cognitive performance. The influence
of anemia on cognitive function stems from reduced tis-
sue oxygenation and diversion of critical iron from brain
function to maintain erythropoiesis.27 Iron is an impor-
tant constituent of numerous metalloenzymes in the
body. Iron is essential to maintain growth and differen-
tiation in utero, especially in the first and second
trimesters,28,29 as well as during infancy.

Maternal iron status also influences infant neurocog-
nitive development,30 likely through iron status during
infancy and early childhood.31 Maternal micronutrient
supplementation (MMS) prevents adverse conse-
quences when provided early enough in pregnancy. It
is critical that maternal ID be addressed before the third
trimester because the impact of ID in the fetal brain may
be irreversible afterward.32 Children with iron depletion
were 1.9- to 4.8-fold more likely to score poorly when
their language, tractability, and fine motor skills were
assessed.33 The impact on cognitive development per-
sists until late adolescence, and interventions after early
childhood may not prevent long-term consequences.34

Iron serves multiple roles in brain development and
function. During normal cognitive development, an
adequate supply of iron is essential for neuronal and
oligodendroglial cells to migrate to their final destination
sites.35 Iron is also critical for the myelination of nerve
axonsdessential for quick conduction of impulses across
nerves.36 Myelination begins at 12e14 weeks of preg-
nancy and continues through 2 years of age.37 Iron deple-
tion affects phosphorus utilization for ATP and lactate
metabolism in the hippocampus, and iron is therefore
critical in energy metabolism and regular functioning of
nerves.38,39 Iron is also important in the metabolism of
neurotransmitters including dopamine, serotonin, and
norepinephrine.38,40 Finally, iron is important in the regu-
lation of genes related to the function and production of
myelin, synapses, and growth factors.41,42

Economic burden of nutritional anemia

The economic impact of nutritional anemia derives
from increased mortality, higher cost of care for the com-
plications of anemia, decreased productivity from exer-
cise intolerance, decreased earnings potential from poor

cognitive development, and possible intergenerational
effects.12 For instance, the annual health care costs for
patients with anemia in the United States more than
doubled the costs for nonanemic counterparts.43 These
costs were due to the increase in outpatient visits, emer-
gency room visits, hospital days, laboratory tests, and
therapiesdincluding blood transfusion.43

The economic impact of poor cognitive development
as a result of anemia during childhood is considerable.
Infants with moderate ID anemia (IDA) tend to have
test scores that are 0.5e1.5 standard deviations lower
than their counterparts,44 and a reduction in intelligence
quotient by a half standard deviation results in 5%e12%
lower wages, depending on country or how income was
measured.12

National income is affected by the depressed pro-
ductivity of anemic workers, due to excessive fatigue.
The median loss in productivity was estimated to be
approximately 0.9% in 1998,44 and an updated under-
standing of the magnitude is necessary. The impact
on lost productivity as a proportion of the gross domes-
tic product was estimated to be greatest in South Asia
due to the huge burden and the proportion of the pop-
ulation involved in manual work.44 For instance, for
every 1% decrease in hemoglobin concentration, the
productivity of agricultural workers decreased by
1.5%.45 Iron supplementation effectively improves la-
bor productivity by 5%e17%,12 and in labor-intensive
economies, this can translate into improvements in
earning ability.

Approaches to understand the economic burden of
nutritional anemia have also examined the costs and
benefits of interventions to address nutritional anemia.45

These are discussed in the respective sections for the
interventions.

II. PATHOPHYSIOLOGY

A. Nutritional Anemia: Iron Deficiency

As mentioned above, ID is by far the most important
cause of anemia globally. The WHO estimates that 50%
of anemia in women and 42% of anemia in children
around the world could be effectively treated using
iron supplementation.2

Iron metabolism

Iron is essential for life because it is a building block
of (1) heme in hemoglobin and myoglobin and (2)
iron-containing enzymes present in all cells. Like he-
moglobin, myoglobin is an oxygen-carrying protein
molecule. It is located in red muscle (cardiac and skel-
etal) and ensures the steady flow of oxygen to the mito-
chondria of muscle cells.46 Iron requirements change
during cell growth and therefore vary with the indi-
vidual’s age and sexdhighest during pregnancy,
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childhood, and adolescence. The body obtains iron for
metabolism from two sources: recycling of old red
blood cells (RBCs)d22 mg/ddand from dietary
intake (2e4 mg/d).47

Recycling from RBC contributes the greatest to
plasma iron concentration. Senescent RBC and defective
RBC precursors are catabolized by the macrophages in
the reticuloendothelial systemdespecially spleendas
well as the liver and bone marrow. The degree to which
iron is released from the reticuloendothelial system de-
pends on the level of iron stores in the body and the
presence of infection or inflammation.

Dietary sources of bioavailable iron include (1) heme
iron: red meat, (2) nonheme iron: plant sources mostly
such as beans, nuts, and green leafy vegetables, and
(3) ferritin iron: mostly liver, but also from beans. Die-
tary iron absorption varies by dietary sources. Heme
iron is consistently well absorbed (15%e35%). Nonheme
iron absorption is more variable and could range
from <1% to >90% depending on the coingestion of
iron absorption inhibitors or enhancers, as well as the
iron status of the individual. Examples of iron absorp-
tion inhibitors include tea and coffee. Examples of iron
absorption enhancers include ascorbic acid in fruits
and vegetables. Ferritin iron is also well absorbedd
about as effectively absorbed as ferrous sulfate used
for supplementation.47

Dietary iron is absorbed in the duodenum, predomi-
nantly, and in the jejunum. Systemic homeostasis en-
sures iron levels in plasma and extracellular fluid
remain steady over a narrow range by regulating iron
absorption. Factors affecting iron absorption in the
gastrointestinal tract include the iron status of the indi-
vidual, inflammation, and nature of food items in the in-
dividual’s diet. Iron absorption is enhanced in response
to iron depletion and depressed in the presence of
inflammation, as part of a protective response to starve
microbial invaders of essential iron.

Ferrous iron is first oxidized by enzymes, such as fer-
roxidase and ceruloplasmin, in macrophages, hepato-
cytes, duodenal enterocytes, and placental cells and
then bound to ferroportin. Ferroportin is expressed on
the surface of cells and is the only known cellular iron
transport protein. Ferroportin transports iron across
the membrane of duodenal enterocytes and macro-
phages in the reticuloendothelial system, to reach the
systemic circulation. Thus, iron that is absorbed from
the duodenum or recycled from the spleen, liver, or
bone marrow is carried in the systemic circulation by
transferrin. Transferrin is a glycoprotein in the plasma
that transports iron to the cells, and transferrin satura-
tion has a diurnal variation.48 Iron that is absorbed
into the enterocytes but is not transferred into the circu-
lation is ultimately excreted in stool.

Iron uptake into cells occurs mainly via the trans-
ferrin receptor 1 (TfR1), by binding and internalizing

transferrin. Iron is stored in cells as ferritin, and serum
ferritin represents only a small fraction of the total
ferritin. Total ferritin is in equilibrium with iron statusd
very low in ID. The divalent metal-ion transporter 1
(DMT1) is a transmembrane protein that facilitates iron
entry into the cytoplasm but also transports nonheme
iron across the apical membrane of duodenal entero-
cytes into the circulation.

Hepcidin is the master regulator of systemic iron ho-
meostasis. It is produced by hepatocytes into blood and
cleared by the kidney. It binds to ferroportin at numerous
sitesdincluding the surface of enterocytes in the gastroin-
testinal tract and macrophages in the reticuloendothelial
systemdto determine the degree to which ferroportin is
available to transport iron across the plasma membrane
for binding to transferrin.49,50 The complex formed from
hepcidin binding to ferroportin is degraded, thus limiting
iron absorption. Hepcidin concentrations rises as total
body iron increases, to prevent iron overload.51

Factors influencing hepcidin concentration include
(1) erythropoietic ratedthe greater the rate, the lower
the hepcidin concentration, (2) iron stores in the liverd
as iron stores increase, hepcidin levels increase to limit
bioavailable iron, (3) hypoxiadreduces hepcidin syn-
thesis via hypoxia-inducible factorll, (4) circulating
iron, (5) inflammatory cytokinesdinterleukin 2 and 6,
and (6) other pathwaysdrelated to nutrient metabolism,
growth factors, and cellular proliferation. The erythro-
poietic rate is probably the greatest influence on hepci-
din concentration as it overrides iron status.

Maternal iron stores are the main source of fetal iron
for most of pregnancy. Placental iron transport is gener-
ally similar to the model described above for gastrointes-
tinal iron absorption and uptake by macrophages with
some peculiarities. Transferrin, ferrous iron, transferrin
receptor (TfR), and ferroportin have the same roles as
described above. Placental DMT1 and TfR facilitate the
uptake of iron on the maternal side of the placenta.52

Expression of placental TfR1 receptors is related to
maternal iron status, and maternal ID upregulates its
expression to facilitate transfer.53 Here as well, ferric
iron (Fe3þ) is oxidized to ferrous (Fe2þ) by a ferroxidase
enzyme, permitting binding to ferroportin.

Iron transfer to the fetus is compromised when
maternal stores are depleted. Neonatal and cord blood
ferritin have been shown to be lower among neonates
born to mothers with iron depletion, compared to iron-
replete counterparts.54,55 In a stable isotope study con-
ducted among 41 Peruvian pregnant women, O’Brien
et al. found a direct relationship between maternal iron
absorption with 57Fe and neonatal circulation.56

The role ofmaternal versus fetal hepcidin in facilitating
iron transfer to the fetus is intriguing. Maternal circu-
lating hepcidin concentrations decrease steadily during
the course of pregnancy, to facilitatematernal iron absorp-
tion and thereby fetal iron uptake. The role of fetal
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hepcidin is less clear. Maternal iron depletion is associ-
ated with lower fetal hepcidin, to facilitate greater fetal
iron uptake.57,58 Fetal iron trafficking occurs as a result
of a balance between maternal iron status determining
placental iron uptake and fetal iron status determining
placental iron efflux.58e60 In fact, fetal iron needs are
prioritized overmaternal iron needs in the context of ID.61

Common causes of ID (Fig. 27.1)

• Inadequate intakedpoor dietary diversity
• Iron malabsorptiondfrom chronic intake of

absorption inhibitors, celiac disease, chronic gastritis,
iron refractory IDA

• Increased physiologic requirements unmet by dietary
irondduring pregnancy, premature infants, early
childhood, adolescent growth spurt.Duringpregnancy,
for instance, iron status changes with the gestational
age, reducing gradually from the first to third trimester
as the fetal and placental needs for iron increase.

• Blood lossdmenstruation, pathologic bleeding from
gastrointestinal tract or urinary tract, helminth
infections (hookworm, schistosomiasis)

• Intravascular hemolysisdaccelerated breakdown of
RBC within the blood vessels, faster than
erythropoiesis to replace the cells (sickle cell anemia,
celiac disease, thalassemia)

Stages of iron deficiency

Bothwell62 proposed three stages of ID and these
include (1) depletion of iron stores, (2) iron deficient
erythropoiesis, and (3) IDA. Iron depletion is the first
stage of ID and refers to the total exhaustion of body
iron stores.47 It is usually reflected as low serum ferritin
concentration and the absence of stainable iron in the
bone marrow. Anemia is unlikely to be present during
this stage because erythropoiesis is not yet affected.
Other iron status biomarkers are also normal.

If iron stores are not replenished, inadequate
amounts of iron are incorporated into the hemoglobin
during the formation of new RBC. This is known as
iron deficient erythropoiesis and is the second stage
of ID. Anemia is not present during this stage due to
compensatory mechanisms that preserve hemoglobin
synthesis. Specifically, zinc is incorporated into the
hemoglobin molecule instead of iron. This stage can
be identified by the elevated serum zinc protopor-
phyrin (ZPP). Soluble TfR levels also become elevated.
Serum ferritin remains low, and the bone marrow still
lacks stainable iron.

The third stage is IDA. Anemia results when the
compensatory mechanisms to preserve hemoglobin
and red cell production fail. The red cells tend to be
microcytic (small size) and pale colored (hypochromic).

FIGURE 27.1 Causes of iron deficiency. Source: Pasricha.162
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Iron and other micronutrients

As earlier mentioned, micronutrient deficiencies
commonly cooccur, and studies have examined the
impact of administering one other supplement with
iron or coingesting iron with other micronutrients in
diet (Table 27.1).

Iodine; Iron status and thyroid function are related, and
ID predicts thyroid status during pregnancy.63 Treat-
ment of ID in individuals with goiter improves the effec-
tiveness of thyroid treatment.63,64 ID modifies thyroid
function by altering the thyroid hormone feedback sys-
tem and reducing levels of the active form of the thyroid
hormone.47 Integrating iron supplementation with mea-
sures to improve thyroid function such as promoting the
intake of iodized salt may help.

Calcium; The WHO recommendations of routine iron
and calcium supplementation are applicable to many
of the same communities around the world. Both iron
and calcium are divalent ions, and calcium intake likely
inhibits iron absorption. It is possible that luminal cal-
cium limits the uptake of iron by enterocytes because
it leads to the internalization of DMT1 receptors, making
them unavailable for iron absorption.65 Population
studies have yielded conflicting results.66

Calcium supplementation is important to prevent hy-
pertension in pregnancy, and the risk that cosupplemen-
tation may worsen anemia risk among pregnant women
is therefore concerning. As a precaution, the WHO rec-
ommends that calcium and iron supplements be taken
at different times of the day. This makes it more likely
that adherence to either supplement will be adversely

affected. A recent metaanalysis of randomized trials
and case-crossover studies suggests that calcium coin-
gestion with iron is associated with impaired iron ab-
sorption and lower serum ferritin, with no impact on
hemoglobin concentration.67 Large randomized trials
are also ongoing in Tanzania and India testing alterna-
tive dosing strategies that may allow safe delivery of cal-
cium supplements in the context of routine iron
supplementation in pregnant women.68

Zinc; The chemistry and metabolism of zinc is similar to
that of iron, and zinc and iron compete for absorption
when coadministered.69 When iron stores are depleted,
zinc replaces iron in the porphyrin ring of heme moiety
of hemoglobin. Animal and human studies, including a
large RCT of 2500 pregnant women, have reported
reduced iron absorption due to high zinc intake leading
to lower hemoglobin and ferritin concentration.70,71

The possible interaction of zinc with iron cosupple-
mentation is important in the context of studies that
have demonstrated that zinc supplementation may
reduce the risk of placental malaria among pregnant
women,72 and the incidence of pneumonia, diarrhea,
and diarrhea-specific mortality among children.73 Clari-
fying this interaction is also important in the context of
MMS. Further studies are warranted.

B. Nutritional Anemia: Other Micronutrients

Folate

Folate is essential throughout life. It is a cofactor for the
de novo synthesis of purine and thymidine nucleotides. It
is also a cofactor for the remethylation of homocysteine to

TABLE 27.1 Interaction of micronutrients with iron.

Micronutrient Effect Mechanism Level of evidence

Vitamin A Positive Vitamin A enhances
incorporation of iron
into erythrocytes

Iodine Positive Iron deficiency
modifies thyroid
function

Calcium Negative Calcium intake reduces
nonheme iron
absorption and iron
stores in the short term

Randomized trials and
case-crossover studies

Zinc Negative Zinc and iron compete
for incorporation into
the porphyrin ring of
the hememoiety during
hemoglobin synthesis

Randomized trial

Copper Negative Copper and iron
compete for absorption
in the gastrointestinal
tract

Observational studies
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methionine, and homocysteine accumulation in folate
deficiency is a basis for diagnosing the condition. Folate
is important for cell growth and differentiation and is
therefore required in greater amounts during pregnancy
for the development of the fetus and the placenta.74 The
WHO recommends folate consumption of 400 mg/d for
all women of reproductive age.75 Deficiency of folate is
well-known to increase the risk of neural tube and
congenital heart defects, as well as fetal growth restric-
tion, low birth weight, and preterm birth.74 Folate defi-
ciency may also result in the context of chronic
alcoholism and use of phenytoin, metformin, sulfasala-
zine, and a few other common therapeutic drugs.76

Severe deficiency of folate and B12 is the cause of
megaloblastic anemiada form of macrocytic anemia
(large size, few RBC) with hypersegmented neutrophils.
Iron and folate deficiency may cooccur and may be
unmasked when one deficiency is addressed. Folate
deficiency results from intake of poor quality diets low
in folate-rich sources (such as dark green leafy vegeta-
bles, beans, and nuts). Folate is the naturally occurring
form in foods while folic acid is the synthetic form,
used in supplements.

Mature RBCs accumulate folate during development
and are therefore the optimal measure of long-term folate
status. Too few national surveys and epidemiologic
studies have used RBC folate biomarker and have opted
for serum folate or homocysteine instead. RBC folate
<400 mg/L is regarded as insufficient, per WHO guide-
lines.75 In addition, serum folate <10 nmol/L or homo-
cysteine �30 mmol/L. Folate fortification effectively
increases serum folate concentrations.77

Vitamin B12

Vitamin B12 is stored in the liver and takes a long time
to be depleted. When this occurs, vitamin B12 deficiency
causes megaloblastic anemia. If untreated, a demyelin-
ating condition of the nervous system could result.
Affected individuals present with neurologic and psy-
chiatric features including paresthesia, peripheral neu-
ropathy, irritability, depression, memory impairment,
dementia, and psychosis. Vitamin B12 is an important
cofactor in erythropoiesis. It is also involved in folate
metabolism and the retention of folate in RBC.

Vitamin B12 deficiency occurs in individuals with
chronic intake of limited quantities of animal source foods
such as vegans and low-income individuals in devel-
oping countries. Less than 10% of individuals in Europe
and the United States have inadequate intake.78,79

Vitamin B12 deficiency may cooccur with ID in LMICs
with 5%e10% of diet being from animal sources. Dietary
sources of vitamin B12 include clams, liver and fortified
breakfast cereal, meat, and dairy products.

Vitamin B12 is absorbed in the terminal ileum via
endocytosis of a complex of vitamin B12 with intrinsic

factor.80 Therefore, vitamin B12 deficiency may also
occur in the context of malabsorption syndromes or
due to autoimmune atrophic gastritis, which impairs
the production of intrinsic factor in the stomach.

Serum vitamin B12 < 200 pg/mL testing is useful for
screening, and serum/plasma total homocysteine
>21 mmol/L or serum methylmalonic acid may be
used to confirm the diagnosis.81 Age-specific cutoffs
for these tests may be considered.80,82 In clinical settings,
additional tests to exclude pernicious anemia or atrophic
gastritis may also be considered. Treatment with daily
high-dose oral vitamin B12 (1000e2,000 mcg) and
monthly intramuscular cyanocobalamin is similarly
effective in resolution of B12 hematologic abnormalities
within a few months.83

Vitamin A

Vitamin A deficiency is common in the context of low
socioeconomic status and poor diet quality, especially in
LMICs. Dietary sources of vitamin A are diverse. Ani-
mal sources of preformed vitamin A include liver, fish
liver oils, dairy products, and egg yolk. Plant sources
of carotenoid compounds include dark green leafy veg-
etables, yellow and orange vegetables, and fruits (such
as carrots). Vitamin Aefortified foods in some devel-
oping countries such as sugar, cereal flours, edible oils,
margarine, and noodles are also important sources of
vitamin A.76,84

Vitamin A deficiency causes anemia by reducing the
incorporation of iron into RBC during erythropoiesis85

or as a result of depressed immunity and increased infec-
tion risk.86 Other mechanisms have been suggested
including altered RBC formation and differentiation,
increased breakdown of malformed RBC, and impaired
mobilization of iron from the reticuloendothelial sys-
tem.47 Rats fed with vitamin Aedeficient diets over
a long-term developed anemia and restoring vitamin
A in the diet resolved the anemia.85 Vitamin A supple-
mentation trials among pregnant women and children
<5 years have also demonstrated �14% lower risk of
anemia.87,88

Vitamin A forms a soluble complex with iron in the in-
testinal lumen, enhancing its absorption and reducing the
impactof inhibitors suchasphytates andpolyphenols. It is
reasonable to expect vitamin A cosupplementation with
iron to enhance the effectiveness of iron supplementation.
While some studies have suggested that cosupplementing
leads to a better hemoglobin and serum ferritin response
thaneithermicronutrient alone,89,90 one RCTamong preg-
nant women in Indonesia found no differences in either
anemia and ID risk,91 and a recent RCT among pregnant
Tanzanianwomen found a better ferritin response, but an
increased risk of severe anemia and no effect on the risk
of mild to moderate anemia.70 The Tanzanian trial specif-
ically enrolled pregnant women in the first trimester,
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while the other studies enrolled women who were in the
second or third trimester89,91 or whowere nonpregnant.90

Clarifying this interaction is critical.

C. Anemia in Protein-Energy Malnutrition

Protein-energy malnutrition (PEM) deserves a
distinct section when considering anemia because it is
associated with an elevated mortality risk.92 PEM may
occur in the context of chronic poor quality diet or excess
nutrient losses due to diseases such as severe diarrheal
disease, kidney disease, or cancer. It results from disor-
dered protein and/or total energy intake that does not
match the physiologic requirements or increased needs
in pathologic condition. Anemia is present in a substan-
tial proportion of patients with PEM, regardless of the
etiology of PEM, and may increase the risk of mortality
and neurocognitive complications.92,93

PEM is accompanied by a lower overall production of
visceral and blood proteins. Reduced serum transferrin
production occurs as part of the global reduction in
plasma proteins. As earlier mentioned, transferrin is
essential for transport of iron in the systemic circulation,
and low transferrin disrupts erythropoiesis, as well as
other iron-dependent biological processes. ID, however,
commonly occurs with PEM, often due to the poor-
quality diet.94 Iron depletion is usual in PEM, confirmed
by the absence of stainable bonemarrow iron in themajor-
ity of patients.95 Deficiencies of folate, vitamin B12, and
vitamin A are also possible, but less consistently seen.94,95

Production of blood cell progenitors is reduced in
PEM.96 This is due to bone marrow atrophy and inade-
quate nutrients essential for the proliferation, differenti-
ation, and maturation of blood cells.95e97 There is a
decreased responsiveness to erythropoietin, a hormone
that stimulates the production of RBC from stem cell
progenitors.95e97 Reticulocytopenia (low reticulocyte

count) is therefore a fairly consistent feature of PEM.
White blood cell counts are also low.

RBC membrane dysfunction results from depressed
production of lipoproteins in the liver and disruption
in the normal cholesterolephospholipid balance of the
plasma membrane.98 This causes hemolysis and anemia.

Transfusion of packed RBC is associated with lower
mortality risk, if anemia is severe.99 Daily supplementa-
tion with micronutrients after the intensive phase of
treatment is required.

D. Anemia in Chronic Inflammation and
Infection

Anemia often occurs in the context of chronic inflam-
matory conditions and acute or chronic infections. It re-
sults from chronic blood loss, reduced dietary intake,
poor-quality diet, hemolysis, inflammation, or a combi-
nation of these factors. Parasitic diseases such as hook-
worm and schistosomiasis are common causes of
chronic gastrointestinal blood loss. Reduced dietary
intake in the context of chronic infectious and noninfec-
tious diseases is often due to anorexia and contributes to
severe weight loss in these patients.

Inflammation in the context of chronic infectious and
noninfectious diseases causes AI or anemia of chronic dis-
ease. AI refers to anemia, usually mild or moderate, in the
presenceof chronic inflammation that results indisordered
gastrointestinal iron absorption and sequestration of iron
in the duodenal enterocytes and in macrophages within
the reticuloendothelial system.51 It occurs as part of the
immune response, which limits the amount of circulating
iron. Ferritin concentrations increase inside macrophages,
and overall iron available for biological processes is
decreased. See Figs. 27.2 and 27.3. Anemia is present in
approximately 50% of patients with HIV and 30% of pa-
tients with tuberculosis, and AI accounts for most cases.21

FIGURE 27.2 Regulation of intestinal iron uptake. Source: Zimmerman and Hurrell.163
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Elevated hepcidin concentration is at the center of AI
pathology. Hepcidin binds to ferroportin to determine
how much iron is absorbed from the gastrointestinal
tract or released from macrophages. Despite low serum
iron, the total iron-binding capacity is low in AI. Red cell
survival is also modestly decreased. Morphologically,
affected RBC tend to be normocytic, with no increase
in the red cell distribution width. Since AI reduces avail-
able iron for biological processes, it may cause some of
the same consequences as IDA, and additional conse-
quences due to the inflammation.

There is no standard definition for AI. Weiss and
Goodnough suggested an approach based on the unique
advantage of distinguishing individuals with AI from
those with IDA and AI coexisting.100 Briefly, in the pres-
ence of anemia, individuals with ferritin >100 mg/L or
ferritin 30e100 mg/L and sTfR-ferritin ratio <1 are
regarded as pure AI cases. If ferritin 30e100 mg/L and
sTfR-ferritin>2, then AI and IDA are likely to be coexist-
ing. If ferritin<30 mg/L, then IDA is likely. Hepcidin con-
centration may be further used to classify individuals
with anemia, ferritin 30e100 mg/L and sTfR-ferritin of
1e2. Clearly, this approach is cumbersome, and simpler
approaches to aid the diagnosis of AI are needed.

Some studies have instead considered noniron defi-
ciency anemia (NIDA) as a proxy for AI, since AI ac-
counts for the majority of anemia, which is not a result

of ID. These studies have demonstrated that NIDA
may be associated with an increased risk of all-cause
mortality among adult HIV patients,101 treatment failure
among adults with tuberculosis,21 and cognitive impair-
ment among older children.102

The appropriate treatment for AI is unclear, although it
is believed that treatment of the underlying infection or
disease could ameliorate it. This question needs to be
further examined, as limited available evidence does not
necessarily support this hypothesis. For instance, while
treatment with praziquantel for Schistosoma japonicum
among Filipino pregnant women at 16 weeks’ gestation
did not modify the anemia type by 32 weeks’ gestation,59

antiretroviral therapy (ART) use was associated with a
lower prevalence of AI after 18 months of follow-up
among 400 Ugandan HIV-infected adults, compared to
baseline.103 Providing iron supplements alone to individ-
uals with AI is unlikely to resolve the anemia.

E. DiagnosisdClinical and Field

Anemia is diagnosed by assessing hemoglobin con-
centration, often as part of a complete or full blood
count, or using point of care tests such as the hemoglo-
binometer (more commonly known by the brand
name, HemoCue).

FIGURE 27.3 Risk of infection in relation to iron deficiency and iron excess. Source: Drakesmith and Prentice.164
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The range of plausibility of hemoglobin concentration
is 25e200 g/L.2 The WHO established guidelines for the
diagnosis of anemia that differ by age and sex.104

Among pregnant women and children<5 years, anemia
is defined by hemoglobin <110 g/L (or <11 g/dl).
Table 27.2 shows the thresholds for the diagnosis of ane-
mia. Hemoglobin concentration is, by convention, cor-
rected for altitude and current smoking status to
ensure the results are comparable to the rest of the pop-
ulation. To correct for altitude, 2e45 g/L is subtracted
from the measured hemoglobin concentration depend-
ing on the distance above sea level, beginning from
1,000 m to 4,500 m range.104 To correct for smoking,
0.3e0.6 g/L is subtracted, depending on the number of
packets of cigarette smoked per day.104

The next diagnostic step is usually to determine the
anemia type or etiology. The mean corpuscular volume
(MCV), obtained by dividing the hematocrit by the red
cell count, normally ranges from 80e100 fL. While
MCV is < 70 fL in microcytic anemia, it is > 100 fL in
macrocytic (megaloblastic) anemia. Blood smear mi-
croscopy is useful to examine RBC morphology. Micro-
cytic hypochromic RBCs suggest iron deficient
erythropoiesis, while macrocytic RBCs with hyperseg-
mented nuclei reflect megaloblastic anemia from B12
and folate deficiency. Other RBC malformations can
be visualized to diagnose sickle cell anemia, hereditary
spherocytosis, elliptocytosis, and myelodysplastic
syndromes.

A number of methods are used to diagnose body iron
status (Table 27.3). Bone marrow for stainable iron is the
gold standard for diagnosing iron depletion. It is inva-
sive and only rarely done in clinical practice. Iron status
is most commonly assessed by measuring serum
ferritin. Low serum ferritin (<10e12 mg/L) always re-
flects iron depletion. Higher ferritin concentrations
may not necessarily exclude iron depletion or ID
because ferritin can be increased with inflammation up

to 30-fold.105 The WHO recommends a serum ferritin
cutoff <15 mg/L to diagnose iron depletion.5

Correction of serum ferritin concentrations for
inflammation may improve its utility for diagnosing
ID. Inflammation may be detected by measuring acute
phase reactants such as C-reactive protein (CRP,
>5 mg/L) or a1-acid glycoprotein (AGP, >1 g/L). A
number of approaches to adjust serum ferritin for
inflammation have been proposed. First, the higher
ferritin cutoff method entails the use of a higher ferritin
cutoff (<30 mg/L) in the presence of inflammation.106

Second, individuals may be categorized into four groups
based on whether the CRP or AGP are elevated or both.
The median ferritin concentrations within each group
are estimated and correction factors estimated as the ra-
tio of each group’s median ferritin relative to one of the
group’s as a reference107. Third, the regression coeffi-
cients obtained from statistical regression models of
CRP and/or AGP on ferritin can be used to correct the
ferritin concentration.108

Iron depletion increases soluble transferrin receptor
(sTfR), the truncated version of the TfR with no iron
bound to it.109 sTfR is influenced by erythropoietic activ-
ity in the bone marrow and is therefore potentially use-
ful for evaluating response to iron supplementation.109 It
is less useful as an iron status biomarker in conditions
where altered erythropoiesis and ID coexistdsuch as
pregnancy and hemolytic anemia.109,110 sTfR is also
influenced by inflammation, but to a lesser extent than
serum ferritin. A ratio of sTfR to the log10 of ferritin,
the sTfR-ferritin index, is often used an alternative to
surmount some of these challenges. Results from the
three commonly used assays often differ.111,112 There-
fore, sTfR tests need to be standardized.

As iron depletion progresses, levels become inade-
quate to maintain the production of the heme protein
as part of erythropoiesis. Zinc may then be incorporated
into the heme moiety, in place of iron, forming ZPP. ZPP

TABLE 27.2 Thresholds for diagnosis of anemia.

Children Anemia Mild anemia Moderate anemia Severe anemia

6e59 months <110 g/L 100e109 70e99 <70

5e11 years <115 g/L 110e114 80e109 <80

12e14 years <120 g/L 110e119 80e109 <80

Adults

Female, pregnant <110 g/L 100e109 70e99 <70

Female, nonpregnant <120 g/L 110e119 80e109 <80

Male <130 g/L 110e129 80e109 <80

Source: World Health Organization (WHO). Haemoglobin concentration for the diagnosis of anaemia and assessment of

severity. Vitamin and Mineral Nutrition Information System. Geneva: WHO; 2011.
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TABLE 27.3 Iron status assessment.

Biomarker Relevance Method Validity Threshold/interpretation

Serum ferritin Ferritin is the main store of
intracellular iron

ELISA or using bedside rapid kits Sensitive and specific, modified
by inflammation

Levels are higher when iron stores
are elevated and vice
versa <15 mg/L is used to
diagnose iron deficiency

Soluble transferrin receptor (sTfR) An index of iron depletion or iron
depleted erythropoiesis, refers to
the level of soluble transferrin
receptor with no bound iron

ELISA Less influenced by inflammation.
Levels may be elevated in
hemolytic anemia, erythropoietin
therapy, thalassemia major, or
severe megaloblastic anemia

Levels are higher when iron stores
are depleted. Elevated sTfR in the
presence of anemia is more likely
to be due to IDA than AI

sTfR-ferritin index or ratio Helpful when sTfR (mg/L) and
ferritin mg/L measures may have
been altered by inflammation or
infection

Estimated as a ratio of sTfR and
log10 ferritin concentrations

Values are higher when iron
stores are depleted. >1.5 is
regarded as iron deficient

Zinc protoporphyrin An excellent marker of iron-
deficient erythropoiesis

Hematofluorometer ZPP is however measured in
whole blood, unlike ferritin and
sTfR, and this greatly limits its
utility in resource-limited settings

Hepcidin Is an antimicrobial peptide,
produced from the liver, in
response to the erythropoietic
rate, elevated iron stores in the
liver, circulating iron, hypoxia,
and inflammation
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is determined using hematofluorometer, in whole blood.
ZPP testing is cheap and simple and less influenced by
inflammation than the other iron status biomarkers.
Concerns regarding training and supplies need to be
addressed.113 The concentration of ZPP may be elevated
with thalassemia and sickle cell anemia, both highly
prevalent in parts of Africa and Asia.110

Hepcidin is the primary regulator of iron homeosta-
sis, and its concentration in serum is directly propor-
tional to body iron stores, making it a suitable iron
status biomarker. Recent studies among pregnant
women in the Gambia and the Philippines have demon-
strated its superior diagnostic accuracy for ID,
compared to hemoglobin, sTfR, and ZPP.59,114 Hepcidin
levels are also modified by inflammation. While low
hepcidin concentration (�1 mg/L) are more likely to
reflect iron depletion, hepcidin levels tend to fall in preg-
nant women as the pregnancy advances. The erythro-
poietic drive is the most important determinant of
hepcidin levels.47 Hepcidin may distinguish between
AI and IDA. Two common types of hepcidin ELISA as-
says are in use, and Wray and colleagues recently pro-
posed a conversion factor between the tests.115 Urinary
hepcidin may be an alternative to blood testing, but it re-
quires assessment of renal function by creatinine testing.

After establishing the diagnosis of anemia and char-
acterizing the anemia type, it is often desirable to deter-
mine the etiology. Testing to determine the related
pathologywith HIV tests, blood smear for malaria, stool,
and urine for occult blood loss may be indicated. Ane-
mia may also be an early sign of undiagnosed conditions
such as colorectal cancer or an indication of worsening
disease such as in patients with chronic conditions
such as kidney disease. Detailed clinical history and
physical examination and additional tests may help
characterize the clinical condition.

III. PRIMARY TREATMENT AND
CONTROL MODALITIES

A. Dietary Diversification

Improved dietary diversity and access to healthful
healthy iron-rich food options prevent anemia.2 Intake
of a diverse set of food groups ensures an adequate
quantity and variety of calories, macronutrients, and
micronutrients. Dietary diversity, therefore, reflects
food security, nutrient adequacy, and diet quality.116

Nutrition-sensitive programmes are required for suc-
cessful dietary diversification. Agricultural and food se-
curity programmes increase the diversity of agricultural

produce, nutrient diversity of crops, access to markets
and farm productivity, and thereby, household and indi-
vidual dietary diversity.117,118 Women empowerment is
also important to improve household dietary diversity
since households where women can influence resource
allocation spend more on fruit and vegetables and prior-
itize diet quality.119

Dietary diversity improves hematologic status, espe-
cially in children, the elderly, and the sick. In a cluster
randomized trial in Burundi, providing food to children
aged <2 years and their mothers improved hemoglobin
concentration, partly through increased dietary diver-
sity and consumption of iron-rich foods.120 Among
ART naı̈ve patients with HIV in Uganda, intake of
nutrient-rich foods was associated with lower risk of
moderate anemia and mortality during follow-up.121

B. Iron Supplementation

Well-conducted systematic reviews andmetaanalyses
have demonstrated that daily iron supplementation
(alone or as part of multivitamin supplements) prevents
anemia in pregnant women,122 menstruating women,123

and school-age children.124 The WHO has recommen-
ded iron supplementation as standard of care since the
1960s. Without iron supplementation during pregnancy,
many pregnant women become iron depleted by third
trimester though they may have been iron-replete in
the first trimester.125 Iron supplementation is cost-
effective and costs $2 e 5 for public health programs
during the length of pregnancy and lactation costs.12

In one metaanalysis, pregnant women who used iron
supplements any time during pregnancy had a higher
mean hemoglobin concentration by 4.59 g/L, 50% lower
risk of anemia, and 40% lower ID in the third trimester
or at delivery.122 Another metaanalysis found that sup-
plementation was associated with a 41.2 g higher birth
weight and a 19% lower risk of low birth weight, but
no effect on preterm birth, SGA, length of gestation, or
birth length.122 Iron supplementation among infants is
also associated with improved psychomotor develop-
ment.126 Infant iron supplementation, however, has not
consistently been shown to be beneficial with regard to
these nonhematologic clinical outcomes, making
maternal iron supplementation more imperative.127,128

Multiple factors may influence the effectiveness of iron
supplementation. Iron supplementation is more effective
among pregnant women with poor hematologic status
and if they use supplements for 90 days or more during
pregnancy.129 Only 10% of pregnant women in many
sub-Saharan African countries use iron supplements
adequately.130 This is partly because pregnant women
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often commence antenatal care late. Other barriers to use
of iron supplements in this setting include the inadequate
or inconsistent supply, challenges to get patients to clinic
regularly for refills, transport costs and convenience, and
poor adherence once supplement is available. Iron sup-
plementation is also less effective in malaria-endemic
countries, likely due to inflammation.122

As an alternative to daily supplementation is inter-
mittent supplementationdweekly or every 3 days.
Intermittent iron supplementation is also effective to
prevent anemia among pregnant women131 and
children <15 years.132 Adherence, however, tends to be
poorer among women on intermittent supplementation.

TheWHO recommends the use of ferrous salts, due to
their superior bioavailability, efficacy, and cost-
effectiveness compared to ferric salts.133 Ferrous sulfate
is most commonly used, although ferrous gluconate and
ferrous fumarate are alternatives. There are concerns
that oral ferrous sulfate intake may be associated with
adverse effects such as nausea, vomiting, and constipa-
tion due to mucosal irritation.134

The dose of supplementation affects how quickly ane-
mia is treated or iron stores are restored. The WHO rec-
ommends 60 mg iron (which is 200 mg ferrous sulfate)
daily during pregnancy in settings where anemia prev-
alence is >40%, and 30 mg if anemia prevalence
is <40%. For every additional 10 mg iron/day among
studies that provided �66 mg daily, iron supplementa-
tion was associated with 12% lower risk of maternal ane-
mia. Supplementation is recommended to commence as
early as possible, ideally before conception.135

Elevated iron status is potentially associated with
adverse consequences in pregnancy and childhood.
High hemoglobin concentration and iron status increase
blood viscosity compromising placental blood flow,
impairing systemic response to inflammation and infec-
tions, and increasing oxidative stress with elevated post-
prandial nontransferrin bound iron, lipid peroxidation,
and DNA damage of placental cells, leading to adverse
birth outcomes.136 There is consistent evidence that
elevated serum ferritin is associated with increased
risk of gestational diabetes and preterm births.137

Providing iron supplementation to iron-replete preg-
nant women and children in high-income countries
could be associated with impaired fetal and child
growth.137,138 Evidence suggesting association with
cognitive impairment, diarrhea, and changes in the gut
microbiome are compelling but inconsistent.137,139

In malaria-endemic settings, there are unique con-
cerns that providing routine iron supplementation to
iron-replete pregnant women and children could be
harmful. Iron supplementation trials among pregnant
women and children in Tanzania and the Gambia found

that iron supplementation may lead to increased risk of
hospitalization for severe malaria and death.140e142 The
risk of adverse effects was greater in those who were
iron-replete and in children <2 years.142 In the absence
of good malaria control, iron supplementation could
also worsen hemolysis by increasing the parasite burden
leading to no improvement in hemoglobin concentration
on net.142 However, malaria control has improved since
these studies were conducted, and iron supplementa-
tion trials conducted among pregnant women and chil-
dren more recently have not demonstrated any
increased risk of harm.143e145

There are similar concerns that providing iron sup-
plements to individuals with chronic infections such as
HIV or tuberculosis may worsen disease outcomes,
although the evidence is sparse. Among pregnant
women with HIV, the WHO recommends universal sup-
plementation with iron, in the absence of evidence of
harm.146 All individuals with HIV should aim for
diverse diet.

C. Multiple Micronutrient Supplementation

In addition to iron, deficiency of other micronutrients,
occurring singly or simultaneously, may contribute to
anemia. Among pregnant women in Nepal, >50% had
multiple micronutrient deficiencies during preg-
nancy.147 Blood concentrations of most micronutrients
decrease by 20%e50% between first and third trimesters
of pregnancy.148 MMS prevents and treats these
deficiencies.

MMS typically include iron, folic acid, vitamin A,
vitamin B12, and others (Table 27.4). These is evidence
that MMS leads to greater reduction in the risk of
adverse pregnancy outcomes such as preterm births,
SGA, and low birth weight, compared to iron and folic
acid alone.149 MMS may be more effective to prevent
stillbirth, low birth weight, SGA, and infant mortality
at 6 months among anemic pregnant women than nona-
nemic counterparts.150 MMS also provides 15% reduc-
tion in the risk of mortality through the first year of
life for female infants.

There is no significant difference in the effect of MMS
onmaternal anemia risk, compared to standard iron and
folic acid supplements alone.149 Though the WHO rec-
ommends daily 60 mg iron supplementation, the
commonly used multiple micronutrient supplements
contain only 30 mg of iron. Compared to iron supple-
ments, neonatal mortality is slightly higher in women
who receive MMS, possibly due to the lower dose of
iron in MMS.151 Updated guidelines based on the use
of MMS with 60 mg iron daily is warranted.
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D. Fortification

Eighty-seven countries worldwide have mandatory
food fortification for at least one cereal graindwith
varying success in implementation.152 A recent metaa-
nalysis of 19 studies among women and children
showed that large-scale micronutrient fortification pro-
grams led to a 34% overall reduction in anemia.153 The
prevalence of ID decreased by 58% in some studies. In
Costa Rica, fortifying wheat flour, maize flour, and
milk for 7 years reduced anemia prevalence from 19%
to 4%.154 In China, iron fortification of soy sauce reduced
anemia after 6 months, despite mean hemoglobin
increasing by <10 g/L.155 In Brazil, iron and ascorbic
acid fortification of drinking water decreased the preva-
lence of anemia among preschool children attending
daycare centers.156

A regularly consumed staple is required as the fortifi-
cation vehicle.76 Cereals/grains, such as wheat, maize,
and rice, and staple seasoning cubes are frequently
used. The fortificant compound should be a highly

bioavailable source of the nutrient that does not alter
the taste or smell of the food vehicle.76 Iron compounds
used to fortify include ferrous sulfate, ferrous fumarate,
electrolytic iron/ferric pyrophosphate, sodium ferric
ethylenediaminetetraacetic acid (EDTA), and iron amino
acid chelates (e.g., iron glycinate chelate) in descending
order of relative bioavailability and preference47. Unfor-
tunately, poorly absorbed fortificants are more
commonly used. Food processingdincluding milling,
fermentation, and addition of ascorbic acid, phytase,
or EDTAdmay reduce the impact of iron absorption in-
hibitors and improve iron bioavailability.157

Food fortification cannot be well-targeted at individ-
uals or groups, and there are concerns that iron fortifica-
tion may be harmful to some or, at least, not beneficial.
Large quantities of poorly absorbed iron fortificants
may pass into the colon leading to gut inflammation
and microbial dysbiosis.158 For example, intake of iron-
fortified biscuits increases the growth of potentially
pathogenic gut microbes such as enterobacteria.158

Fortification costs $0.06e0.13 per person on average,
being highest in Africa and lowest in Southeast Asia.159

These costs are borne by customers in market-based
fortification programs or by the government or other
central funder. Economic models that account for the
life-long impact, adherence, and geographic coverage
have demonstrated that fortification is more cost-effective
option at 95% coverage than iron supplementation.159

The cost per DALY averted is lower for fortification
than supplementation at 95% coverage but higher at
50% coverage. Iron supplementation is however more
effective per capita due to its targeted nature. Fortifica-
tion and supplementation are therefore best deployed
together.

E. Delayed Umbilical Cord Clamping

By delaying the clamping of the umbilical cord for
1e5 min when a child is born, critical nutrients are trans-
ferred from the mother. This increases the newborn he-
matocrit and iron status immediatelyddemonstrable
by 6 hours of lifedand its impact lasts beyond the sec-
ond month of age.160,161 No harm occurs to the mother
as a result of this procedure.161 Unfortunately, the im-
provements in hematocrit do not protect the neonate
from early mortality or birth asphyxia. The transfusion
increases neonatal jaundice risk and birth weight by
approximately 100 g.161

TABLE 27.4 Constituents of prototype
multiple micronutrient
supplement (UNIMMAP).

Nutrient Dose

Vitamin A 800 mg

Vitamin D 5 mg

Vitamin E 10 mg

Vitamin C 70 mg

Vitamin B1 1.4 mg

Vitamin B2 1.4 mg

Niacin 18 mg

Vitamin B6 1.9 mg

Vitamin B12 2.6 mg

Folic acid 400 mg

Iron 30 mg

Zinc 15 mg

Copper 2 mg

Selenium 65 mg

Iodine 150 mg

UNIMMAP refers to the United Nations Interna-

tional Multiple Micronutrient Preparation.
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RESEARCH GAPS

Burden of disease

• Comprehensive and up-to-date estimates of the burden of the respective anemia types, especially among
children, pregnant women, and individuals with HIV or TB infection

• Economic burden of anemia on health care utilization across high-, middle-, and low-income countries and
regions

• Impact of anemia on national health care budgets by country income classification
• Impact of anemia on productivity of workers, given declines in participation in labor-intensive occupations

and increased female employment

Normal function

• Identification of suitable functional biomarkers for the causes of nutritional anemia, not influenced by
inflammation

• Interaction of the human microbiome and nutritional anemia, iron status, B12 metabolism

Pathophysiology

• Impact of vitamin A, calcium and zinc on iron absorption, erythropoiesis, hemoglobin concentration, and
anemia risk in population studies

• Standardized definition of AI
• Consequences of AI on the risk of adverse pregnancy outcomes, maternal and infant survival, and clinical

disease progression in HIV and TB
• Influence of pharmacologic agents on nutritional biomarkers

Prevention and treatment

• Barriers preventing optimal adherence to iron supplementation
• Role of maternal preconceptional iron and how best to deliver it
• Impact of treatment for chronic infections on anemia type
• Appropriate treatment modality for anemia of chronic disease, role of iron, and how it should be

administered
• Role of iron supplementation in patients with HIV, TB, cancers, chronic kidney disease
• Feasibility and tolerability of intravenous iron among children, pregnant women, and HIV patients in

developing countries
• Influence of dose of iron on the effectiveness of MMS
• Effectiveness and safety of iron fortification strategies in African countries
• Comprehensive and up-to-date evaluation of cost and cost-effectiveness of anemia treatment/prevention

modalities

IV. REFERENCES

1. GBD Results Tool. University of Washington; 2017 [cited Aug 4,
2019].

2. World Health Organization (WHO). The Global Prevalence of

Anaemia in 2011. 2015.
3. Petry N, Olofin I, Hurrell RF, et al. The proportion of anemia asso-

ciated with iron deficiency in low, medium, and high human
development index countries: a systematic analysis of national
surveys. Nutrients. 2016;8(11).

4. Rahman MM, Abe SK, Rahman MS, et al. Maternal anemia and
risk of adverse birth and health outcomes in low-and middle-
income countries: systematic review and meta-analysis, 2. Am J

Clin Nutr. 2016;103(2):495e504.
5. UNICEF/WHO. Iron Deficiency Anaemia: Assessment, Prevention

and Control, a Guide for Programme Managers. 2001.

6. Cellule de Planification et de Statistique - CPS/SSDSPF/Mali, Institut
National de la Statistique - INSTAT/Mali, Centre d’Études et d’Infor-
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SUMMARY

Osteoporosis increases the risk of fractures, which are associated with increased mortality and impaired
quality of life. Patients with prevalent fracture are at high risk of sustaining another one. Optimal protein
and calcium intakes, and vitamin D supply, together with regular weight bearing physical exercise, are
the corner stones of fragility fracture prevention. Adherence to a Mediterranean diet or to a prudent diet
pattern is associated with lower hip fracture risk. Inadequate dietary protein intakes may be a much more
severe problem than protein excess in the oldest old population.

Keywords: Dietary calcium; Dietary protein; Fracture; IGF-I; Osteoporosis; Peak bone mass.

I. INTRODUCTION

Osteoporosis is defined as a systemic skeletal disease
characterized by low bone mass and microarchitectural
deterioration of bone tissue, with a consequent increase
in bone fragility and in susceptibility to fracture risk.1

The diagnosis of the disease relies on the quantitative
assessment, using dual energy X-ray absorptiometry, of
areal bone mineral density (aBMD) of the hip or spine.
This represents an important determinant of bone
strength and thereby of fracture risk. The operational
definition of osteoporosis is based on aBMD lower than
the lower limit of normal range of young healthy women,
as defined in a WHO document.2 An osteodensitometry-
based diagnosis of osteoporosis together with a prevalent
fragility fracture defines severe osteoporosis. Indications
for treatment depend on the evaluation of fracture risk,
which also integrates clinical risk factors in addition to
densitometric osteoporosis diagnosis.1

II. BONE MASS ACCRUAL

At a given age, bonemass is determined by the amount
of bone accumulated at the end of skeletal growth, the so-
calledpeakbonemass, andby theamountof bone lostdur-
ing the rest of the life3 (Fig. 28.1). It is estimated that a 10%
increase in peak bone mass could reduce the risk of oste-
oporotic fractures during adult life by 50%, or to be

equivalent to a 13-year delay in the occurrence of meno-
pause, after which bone loss accelerates.4 Peak bone
mass is achieved for most parts of the skeleton by the
end of the second decade of life.3 Body mineral mass
nearly doubles during puberty, through an increase in
the size of the skeleton, with little changes in volumetric
bone density, i.e., the amount of bone in bone.3 Then, a
small percent of bone consolidation may occur during
the third decade, particularly in males. Puberty is the
period during which the sex difference in bone mass
observed in adults becomes fully expressed. The impor-
tant sex difference in bone mass that develops during pu-
bertalmaturation appears to result from a greater increase
in bone size. There is no sex difference in the volumetric
trabecular density at the end of the period of maturation,
i.e., in young healthy adults in their third decade. The
greater mean aBMD values observed in young healthy
adult males as compared to females in the lumbar spine
and at the level of the midfemoral or midradial diaphysis
appear to be due to a more prolonged period of pubertal
maturation rather than a greater maximal rate of bone
accretion.5

III. BONE LOSS AND FRACTURE RISK

Bone mass decreases with age and with an accelerated
bone loss after menopause, and the risk of osteoporotic
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fracture increases. As the populations become older, the
number of individuals who face the problem of bone
fragility and increased fracture risk increases inexorably.
At the age of 50, the lifetime risk of sustaining an osteopo-
rotic fracture is around 50% for women and 20% for
men.1,6 Major osteoporotic fractures are those of the
spine, hip, distal forearm, and proximal humerus.

A large majority of hip fractures associated with oste-
oporosis result from a fall from standing height, which
defines fragility fractures. Around 2% of falls in the
elderly lead to fractures. More than 50% of patients
admitted to hospital with hip fracture are over 80 years
old.7 Only a limited number of X-rayedetermined verte-
bral fractures comes to clinical attention and is diag-
nosed.8 The incidence of osteoporotic fractures varies
geographically. Up to 40% of hip fractures occur in peo-
ple living in nursing homes.9 This is probably related to
advanced age, to a high prevalence of comorbidities
requiring long-term institutional care, and to high risk
of recurrent falls. All these factors are potentially related
to malnutrition in the oldest old population.

Despite a rising number of older subjects and a fore-
casted increase of absolute number and incidence of hip
fractures, a decrease in age-adjusted incidence has been
observed in several countries and may indicate a
reversal of a secular trend.7 However, the incidence of
nonhip osteoporotic fractures is continuing to increase,
as is the total number of days of hospitalization in ortho-
pedic and rehabilitation wards, for multiple fractures
and comorbidities.10

There is a large body of evidences linking nutritional
intakes, particularly calcium and protein, to bone growth
and to bone loss later in life, both influencing fracture risk
(Fig. 28.1).11

IV. NUTRITION AND BONE GROWTH
(FIG. 28.2)

A. Calcium

Calcium plays major roles in the regulation of various
cell functions, in the central and peripheral nervous
systems, in muscle, and in exocrine/endocrine glands
function.12 In addition, this cation is implicated in the
process of bone mineralization, by the formation of hy-
droxyapatite crystals.

Most of the studies carried out over a 1e3 year time
period in children and adolescents have shown that sup-
plementation with either calcium or dairy foods increases
the rate of bonemineral acquisition, comparedwith unsup-
plemented (or placebo) control groups. Ametaanalysis has
reviewed 19 calcium intervention studies involving 2859
children,13 with doses of calcium supplementation varying
between 300 and 1200 mg per day, from calcium citratema-
late, calcium carbonate, calcium phosphate, calcium lactate
gluconate, calcium phosphate milk extract, or milk min-
erals. Calcium supplementation had a positive effect on
whole body bone mineral content (BMC) and upper ex-
tremities bone mineral density (BMD), with standardized
mean differences (effect size) of 0.14 for both. Changes at
the upper extremities persisted up to 18 months after cessa-
tion of calcium supplementation. In the same analysis, cal-
cium supplementation had no significant effect on weight,
height, or body fat.

Among randomized, double-blind, placebo-controlled
intervention trials, which have concluded that calcium
supplementation increases bone mineral mass gain, the
magnitude of the calcium effects appears to vary accord-
ing to the skeletal sites examined, the stage of pubertal
maturation at the time of the intervention, and the usual
continuous dietary calcium intake.13e16 Calcium supple-
mentation effects have essentially been ascribed to a
reduction in bone remodeling. Indeed, in one of the
abovementioned studies, plasma concentration of osteo-
calcin, a biochemical marker of bone remodeling in
adults, was significantly reduced in the calcium-
supplemented children.14 However, in a double-blind,
placebo-controlled study on the effects of calcium supple-
mentation in prepubertal girls, changes in projected
scanned bone area and in standing height have suggested
that calcium supplementation may influence bone
modeling in addition to remodeling.15 When BMD was
measured 7.5 years after the end of calcium supplementa-
tion in adolescents, thus in young adult women, it
appeared that menarche occurred earlier in the calcium-
supplemented group and that persistent effects of cal-
cium were mostly detectable in those subjects with an
earlier puberty.17

Income
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(Bone Loss)
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• Mass/ Density
• Geometry/Size
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• Matrix/ Mineral
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Protein

Vitamin D

FIGURE 28.1 Roles of dietary intakes in the management of the
“bone bank” through influences on bone accrual and bone loss.
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FIGURE 28.2 Factors influencing peak bone mass, i.e., the amount
of bone accumulated at the end of skeletal growth. Some of these
factors are amenable to modifications.
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B. Protein

In a prospective survey carried out in a cohort of fe-
male andmale subjects aged 9e19 years, a positive corre-
lation between lumbar and femoral bone mass yearly
gain and protein intake was found.18 This correlation
was mainly detectable in prepubertal children, but not
observed in those having reached a peri- or postpubertal
stage. It remained statistically significant after adjustment
for spontaneous calcium intakes. BMD/BMC at specific
skeletal sites in prepubertal boys was positively associ-
ated with spontaneous protein intake.19 In a prospective
longitudinal study performed in healthy children and ad-
olescents of both sexes, between the age of 6 and 18, die-
tary intakes were recorded over 4 years, using a yearly
administered 3-day diary.20 A positive association
was detected between periosteal circumferences, cortical
area, BMC, and a calculated strength strain index, and
long-term protein intakes. In this cohort with a Western
style diet, protein intakes were around 2 g/kg body
weight x day in prepubertal children, whereas they
were around 1.5 g/kg x day in post-pubertal individuals.
There was no association between bone variables and in-
takes of nutrients with a high sulfur-containing amino
acids, or intake of calcium. Overall, protein intakes
accounted for 3% e 4% of the bone parameters variance.

Protein intake is to a large extent related to growth
requirement during childhood and adolescence. Only
intervention studies could reliably address this ques-
tion. To our knowledge, there is no large randomized
controlled trial having specifically tested the effects of
dietary protein supplements on bone mineral mass
accumulation, except those utilizing milk or dairy prod-
ucts, which provide protein, phosphorus, calories, and
vitamins, in addition to calcium.21 One liter of milk pro-
vides not only 32e35 g of protein, mostly casein, but
also whey protein that contains numerous growth-
promoting elements. In growing children, long-term
milk avoidance is associated with smaller stature and
lower bone mineral mass.22 Low milk intake during
childhood and/or adolescence increases the risk of frac-
ture before puberty (a 2.6-fold higher risk has been
reported).23,24 In a 7 year observational study, there
was a positive influence of dairy products consumption
on BMD at the spine, hip, and forearm in adolescents,
leading thereby to a higher peak bone mass.25 In this
study, calcium supplements did not affect spine BMD.
But, higher dairy products intakes were associated
with greater total and cortical proximal radius cross-
sectional area. In agreement with this observation,
milk consumption frequency and total daily milk intake
at age 5 e 12 and 13 e 17 years were significant predic-
tors of the height of 12- to 18-year-old adolescents, stud-
ied in the NHANES 1999e2002.26

Many intervention trials have demonstrated a favorable
influenceofdairyproductsonbonehealthduringchildhood

and adolescence.3,21,27,28 In an open randomized interven-
tion controlled trial, 568 ml/day milk supplement for
18 months in 12-year-old girls27 provided an additional
420 mg/day calcium and 14 g/day protein intakes at the
end of the study. Compared to the control group, the inter-
vention group had greater increases of whole body BMD
and BMC. In the milk-supplemented group, serum
insulin-like growth factor I (IGF-I) levels were 17% higher.
In another study, cheese supplements appeared to be
more beneficial for cortical bone accrual than a similar
amount of calcium supplied as tablets.28 The positive influ-
ence of milk on cortical bone thickness may be related to an
effect on the modeling process, since metacarpal periosteal
diameter was significantly increased in these Chinese chil-
dren receiving milk supplements.

Based on these observations, it was suggested that
while calcium supplements could influence volumetric
BMD, thus the remodeling process, dairy products
may have an additional effect on bone growth and peri-
osteal bone expansion, i.e. an influence on modeling.25

V. PATHOPHYSIOLOGY OF BONE
LOSS

After the age of 50 in women, bone loss accelerates
through bone cortex thinning, increased cortical porosity,
and trabeculae destruction by thinning and perforation.29

Bone loss does not attenuate with age but continues
throughout the whole life, at least in peripheral skeletal
sites. Various factors contribute to age-related bone
mass decrease and microstructural alterations.

A. Estrogens

Estrogen deficiency increases bone turnover with an
imbalance between bone formation and resorption and
appears to be a main cause of osteoporosis observed in
women after the fifth decade.30 Estrogen deficiency is
associated with an increased production of a variety of
cytokines released in the bone marrow environment,
which stimulates bone resorption by raising the number
and/or the activity of the bone-resorbing cells osteoclasts.
Granulocyte-macrophage colony-stimulating factor (GM-
CSF), tumor necrosis factor alpha, interleukin-1, inter-
leukin-6, and receptor activator nuclear kappa-b ligand
(RANKL) are cytokines implicated in hormones defi-
ciency induced bone loss. GM-CSF and RANKL are
necessary for osteoclast generation.31

B. Endocrine Disorders

Primary hyperparathyroidism increases bone turn-
over and is associated with some bone loss.32 An excess
of thyroid hormones also increases the rate of bone
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remodeling. Thus, bone loss can occur in hyperthyroid-
ism and in patients under long-term thyroid hormone
therapy at doses that suppress TSH. The main net effect
of excess glucocorticoid is the reduction of bone forma-
tion, early bone loss, and increased fracture risk.33 In
addition, excess glucocorticoids cause muscle wasting.

C. Nutrition

Nutritional insufficiency and malnutrition are
frequent in older people and are particularly prevalent
in patients with a recent hip fracture. Nutritional defi-
ciencies play a significant role in osteoporosis in
elderly11 (Fig. 28.3). With aging, there is a decrease in cal-
cium intake, the intestinal absorption of calcium, the
absorptive capacity of the intestinal epithelium to adapt
to a low calcium intake, the exposure to sunlight, and
the capacity of the skin to produce vitamin D. Vitamin
D plays an essential role in the maintenance of bone
strength and muscle function.34 This nutrient/cofactor
is involved in the absorption of calcium and phosphorus
from the intestine, in the mineralization of bone, and
maintenance of muscle quality as well as potentially in
a variety of beneficial effects on other organ systems.
Vitamin D is synthesized in skin during sun exposure
or ingested as part of a balanced diet. Many older people
suffer from hypovitaminosis D. This is particularly true
in patients with hip fracture.35 A state of chronic second-
ary hyperparathyroidism resulting from calcium and
vitamin D deficiencies increases bone turnover and fa-
vors a negative bone balance, hence osteoporosis.

The prevalence of protein-energy malnutrition is as
high as 4% e 10% in elderly persons living at home,
15% e 38% in those in institutional care, and 30% e
70% in hospitalized older patients.36 A state of undernu-
trition at admission can adversely influence the clinical
outcome (Fig. 28.4). Intervention studies using

supplements, or even an oral one that normalizes pro-
tein intake, may improve the clinical outcome after hip
fracture by lowering the rate of complications, such as
bedsore, severe anemia, intercurrent lung or renal infec-
tions,11 and shorten the length of stay in rehabilitation
wards. Malnutrition and particularly protein-energy
malnutrition is a risk factor for osteoporosis, sarcopenia,
and frailty.11,37 Various studies have found a relationship
between protein intakes and calcium phosphate or bone
metabolism and have come to the conclusion that either
a deficient or an excessive protein supply could nega-
tively affect the balance of calcium.38 However, a defi-
cient intake is a much higher risk than excess intake in
the oldest old. A sufficient protein intake is a major
contributor to for bone health, particularly in
elderly.11,38,39

Protein intakes influence the production of IGF-I,
which is an important trophic hormone, having growth-
promoting effects on almost every cell in the body, espe-
cially skeletal muscle, cartilage, and bone (Fig. 28.5). In
addition, it regulates phosphate reabsorption in the kid-
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FIGURE 28.3 Multiple sites of action of nutrition in the patho-
genesis of fragility fractures.
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FIGURE 28.4 Consequences on musculoskeletal health of a low-
protein diet. IGF-I: insulin-like growth factor I; red arrows: increase
or decrease.
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FIGURE 28.5 Modulation of the growth hormoneeIGF-I axis by
dietary protein. AA: amino acids; Caþþ: calcium; GH: growth hor-
mone; IGF-I: insulin-like growth factor I; mTOR: mammalian target of
rapamycin; 1,25(OH)2D3: calcitriol; Pi: inorganic phosphate; red ar-
rows: increase; TmPi/GFR: maximal renal tubular reabsorption of
phosphate.
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ney and has a stimulatory effect on the active uptake of
calcium and phosphate from the intestine via the renal
synthesis of calcitriol.12,40 The determination of plasma
IGF-I concentration has utility as a nutritional biomarker.
Questionnaires such as the Mini Nutritional Assessment
or the SNAQ65þ, which have been validated in older
persons, are useful in this respect to assess nutritional
status.36

VI. STRATEGIES TO PREVENT FALLS

Although a number of risk factors for falling are not
modifiable, such as age, others are amenable to changes,
like decreased visual acuity, medications that can
diminish awareness and/or balance, home environment
(slippery floors and mats, poor lighting), and undernu-
trition.41 In a comparative metaanalysis, the lowest rela-
tive risk of injurious falls was observed when calcium
and vitamin D supplementations were combined
with quality improvement strategies and multifactorial
assessment and treatment. Exercise programs focusing
on gait, coordination, and functional tasks, as well as
muscle strengthening exercises other than just walking,
seem to improve clinical balance outcomes in older peo-
ple.42 A multitask music-based training like Jacques-
Dalcroze eurhythmic exercise has been shown to reduce
gait and balance variability and lower fall risk.43,44

Reducing falls were associated with a lower fracture
risk.42,45

Trials of protein or selective amino acids supplemen-
tation on muscle mass and function have provided
inconsistent results,46,47 with even a prevention of falls
in one study.48 However, a recent trial in elderly men
with 1.3 g/kg body weight dietary protein versus 0.8
(Recommended Daily Allowance [RDA] in adults) failed
to detect any difference in muscle function and perfor-
mance.49 Protein supplements seem to magnify the ef-
fects of resistance training on muscle mass and
function.50,51 A pattern of even distribution of protein
intake over the daily meals and some temporal link to
physical activity are important factors for optimal mus-
cle protein synthesis.52

VII. NUTRITIONAL
SUPPLEMENTATIONS AND BONE

HEALTH

A. Vitamin D

The associations between rickets in children or osteo-
malacia in adults with vitamin D deficiency and their
effective treatment with vitamin D have been recognized

for centuries.53 Many clinical studies have tested the ef-
fects of vitamin D supplementation (often in combina-
tion with calcium) on fracture risk in participants who
were older and/or osteoporotic. Metaanalyses of several
of these trials have returned equivocal results.54 For
example, in a pooled analysis of 11 trials (N ¼ 31,000),
a lower fracture risk was associated with subjects having
a plasma concentration of 25-hydroxy vitamin D (25-
(OH)D) of at least 60 nmol/L at baseline as compared
with those having concentrations below 30 nmol/L.55

In contrast, fracture risk did not appear to be influenced
by vitamin D alone in other studies.54 Vitamin D supple-
mentation has beneficial effects beyond bone health.
Raising the levels of 25-(OH)D may decrease the inci-
dence of falls in older persons, particularly in vitamin
D insufficient subjects. Other studies and metaanalyses
on vitamin D supplementation given with calcium
have concluded that it is associated with a reduction in
all-cause mortality.56

Sufficient concentrations of vitamin D are a prerequi-
site for the efficacy of antiosteoporosis medications, as
all studies with these agents have been conducted in cal-
cium and vitamin Desupplemented patients. Vitamin D
supplementation should thus precede any antiosteopo-
rosis therapy. The recommendation of a dose of 800
IU/day (20 mg/day) in older adults (>70 years) has
been adopted by most European guidelines, as well as
the International Osteoporosis Foundation, the Institute
of Medicine, and in a European Society of Clinical and
Economic Aspects of Osteoporosis, Osteoarthritis and
Musculoskeletal Disease consensus paper.34,57,58 There
is no strong indication to systematically measure circu-
lating 25-(OH)D in older patients with suspected high
fracture risk since the price of testing far exceeds the
cost of supplementation. The adverse effects of hyper-
calcemia/hypercalciuria and nephrolithiasis are more
frequently associated with high serum 25-(OH)D
(>125 nmol/L), which has been set as the potential up-
per limit of safety. Studies with large annual doses of
vitamin D have reported an increased risk of falls and
hip fracture.59 Thus, a yearly high-dose regimen rather
than a daily or weekly low-dose supplementation
should be avoided.

B. Calcium

It is important to ensure a sufficient calcium intake
through a balanced diet. Calcium and vitamin D supple-
ments decrease secondary hyperparathyroidism and
reduce the risk of proximal femur fracture, particularly
in the elderly living in nursing homes.60 Intakes of at
least 800e1000 mg/day of calcium in addition to 800
IU of vitamin D can be recommended in the general
management of patients with osteoporosis.1,58
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A metaanalysis has concluded that calcium supple-
ments without coadministered vitamin Dmay be associ-
ated with an increased risk of myocardial infarction.61

There was no increased risk when calcium was of die-
tary origin. Large long-term observational studies have
not confirmed this hypothesis.62,63 Overall, it can be
concluded that (1) calcium and vitamin D supplementa-
tion may lead to a modest reduction in fracture risk; (2)
supplementation with calcium alone does not reduce
fracture risk; (3) side effects of calcium supplementation
may include renal stones and gastrointestinal symp-
toms; (4) vitamin D supplementation, rather than
calcium, may reduce falls risk; (5) increased cardiovas-
cular risk consequent to calcium supplementation is
not convincingly supported by current evidence; and
(6) calcium and vitamin D supplementation is recom-
mended for patients at higher risk of calcium and
vitamin D insufficiency, and in those who are receiving
medications for osteoporosis.64

VIII. DIETARY PROTEIN

Correction of protein insufficiency can lead to a rapid
normalization of IGF-I levels in frail older adults and in
patients with a recent hip fracture.65 In view of the
impaired protein assimilation of older individuals,
RDA (0.8 g/kg body weight) has been suggested to be
increased to 1.0e1.2 g/kg per day in the older age group
or even higher in case of severe diseases.39,65 For addi-
tional review, see reference 38.

A. Dietary Protein and Bone Mineral Density

The association between BMD and dietary protein in-
takes has been investigated in four recent systematic re-
views and metaanalyses.66e69 Variations in protein
intakes between approximately 0.8 and 1.2 g/kg body
weight/day, thus above the RDA, accounted for 2% e
4% of BMD variance in adults.66 In a metaanalysis of
five RCTwith lumbar spine BMD as an outcome, higher
protein intake was associated with þ0.52% change dif-
ference (95% CI: 0.06 e 0.97).67

Regarding intervention trials with protein above the
current RDA, three studies assessed protein supple-
ments on lumbar spine, with one showing an improve-
ment in BMD with protein intakes at 163% of RDA for
26 weeks. For femoral neck, 1 out of 2 trials having
assessed BMD changes showed an improvement with
protein at 150% of RDA after 104 weeks.68

In a randomized placebo-controlled trial, conducted
in vitamin D and calcium-replete subjects with a recent
hip fracture, a protein supplement of 20 g per day for

6 months led to a 50% reduction in proximal BMD
decrease at 1 year70 and to a shorter length of stay in
rehabilitation unit. An estimation of bone strength of pe-
ripheral skeleton sites, using finite element analysis,
showed a positive association between predicted failure
load and total animal and dairy protein intakes.71

B. Dietary Protein and Fracture Risk

No randomized controlled trial has examined the ef-
fect of dietary protein on fracture risk.38 Five systematic
reviews and metaanalyses have assessed this issue
since 2009. Darling et al. found no significant reduction
in hip fracture risk comparing the highest to the lowest
quartile/quintile of dietary protein intakes in four
cohort studies (RR: 0.75; 95% CI: 0.47 e 1.20).66 Wu
et al. pooled five cohorts with data on hip fracture
risk and found a relative risk of 0.89 (0.82 e 0.97)
comparing the highest to the lowest quartile/quintile
of dietary protein intakes.72 In a 2017 systematic review
and metaanalysis, the conclusion was that higher pro-
tein intakes had no adverse effects on the bone.67 In
another systematic review and metaanalysis, high
versus low dietary protein intakes were associated
with a 16% reduction of hip fracture risk, with a relative
risk of 0.84 (0.73 e 0.95).68 The conclusion was that di-
etary protein at or above the current RDA could be
beneficial for reducing hip fracture risk. In their metaa-
nalysis update, Darling et al. concluded that there is lit-
tle benefit of increasing protein intake for bone health
in healthy adults, but there is no clear indication of
any detrimental effect.69

C. Dietary ProteineCalcium Interaction

The slight discrepancy in the metaanalyses conclu-
sions may reside in different included studies.38 Further-
more, some studies have detected higher fracture risk in
relation with dietary protein, when calcium intakes were
low, suggesting some interaction between protein and
calcium. A significant interaction was found in a
calciumevitamin D intervention trial.73 Only in the
calciumevitamin D supplemented group, higher pro-
tein intake was associated with greater femoral neck
and whole body BMD outcomes. Conversely, the posi-
tive effects of calciumevitamin D supplementation on
femoral neck BMD were more evident in the higher di-
etary protein tertile.73

Dairy products are a source of both protein and cal-
cium, since 1 liter of milk provides 32 g of protein and
1200 mg of calcium. In some countries, yogurts are
enriched in milk powder, leading to an up to 50%
increased content of these nutrients as compared with

Section C. Clinical Nutrition

28. NUTRITION AND BONE DISEASE528



yogurt prepared from plain milk. For Swiss cheese, pro-
tein and calcium contents are 26 g/100 g and 89 0mg/
100 g, respectively.21

Numerous studies have tested the influence of both
protein and calcium supplementation on bone health
variables, through administration of dairy products, in
randomized controlled trials (for review, see 21,38).
These trials were relatively small, including between
11 and 408 subjects, precluding thus the assessment of
fracture risk. The length of follow-up was between
1 week and 2.5 years, with a large variety of studied
populations and outcomes. Altogether, dairy products,
some being fortified with calcium or vitamin D, were
consistently associated with a decrease in circulating
PTH, an increase in IGF-I, and a decrease in bone resorp-
tion markers. In 10 out of 13 studies, a blunted decrease
and even an increase in BMDwere observed in response
to dairy products, depending on the age of the sub-
jects.21 Dairy products are associated with higher esti-
mated bone strength.71

With metaanalyses of cohort and caseecontrol
studies, Bian et al. have shown a lower risk of hip frac-
ture in dairy products consumers.74 This is in agree-
ment with a recent report in older US men and
women, where higher milk consumption was associ-
ated with a lower hip fracture risk.75 Probiotics con-
tained in fermented dairy products may provide
additional benefits. In a prospective cohort of healthy
postmenopausal women, age-related cortical bone
loss was attenuated at nonbearing bone sites in yoghurt
consumers, not in milk or ripened cheese consumers,
independently of total energy, calcium, or protein in-
takes.76 The effects of dairy products specifically attrib-
utable to fermented compounds have been recently
reviewed77 and are in agreement with those of other
dairy intake-related studies. In contrast, a diet devoid
of dairy foods, such as a vegan diet, is associated
with lower BMD and higher fracture risk as demon-
strated in a recent metaanalysis.78 The cardiovascular
safety of dairy products has been shown in metaanaly-
sis combining data from 29 prospective cohort studies
that concluded to neutral associations between dairy
products and cardiovascular and all-cause mortality.79

Even, specific analyses of fermented dairy like cheese
and yogurt showed diets with cheese to have a 2%
lower risk of CVD (RR 0.98, 95% CI 0.95 e 1.00) per
10 g/day intake. In a large multinational cohort study
of individuals aged 35e70 years enrolled from 21 coun-
tries in 5 continents, dairy consumption was associated
with lower risk of mortality and major cardiovascular
disease events.80 Interestingly, following a Mediterra-
nean diet with additional dairy foods to meet the cal-
cium intakes recommendations improved markers of
cardiovascular risk over 8 weeks as compared with a

low-fat diet.81 Indeed, saturated fat irrespective of the
fatty acids type and food sources may not be as harmful
on the cardiovascular system as previously considered,
and recommendation to avoid these foods may distract
from intake of nutrient-dense foods that decrease the
risk of malnutrition and various chronic disease
including osteoporosis.82

From a health economics point of view, increasing
dairy products intake with an impact on osteoporotic
fracture and health costs may be a cost-effective
measure.83,84 Indeed, vitamin Defortified dairy prod-
ucts have the potential to lower the burden of osteopo-
rotic fractures, particularly in the general population
aged more than 70 years.

IX. DIETARY PATTERN

In several cohort studies, adherence to Mediterranean
diet was associated with a lower hip fracture risk.85e87 In
a metaanalysis of these data, the reduction of fracture
risk amounted to 21% with adherence to Mediterranean
diet.88 For one unit increase in the Mediterranean diet
score, a 5% reduction in the risk of hip fracture (RR
0.95, 95% CI 0.92 e 0.98) was found. Similarly, a lower
risk of fracture was detected in a metaanalysis when in-
takes in the highest categories were compared with the
lowest categories of prudent/healthy dietary pattern
(OR ¼ 0.81; 95% CI: 0.69, 0.95) 89 and was confirmed
in another metaanalysis.90

X. DIETARY MODULATION OF GUT
MICROBIOTA COMPOSITION AND/OR

METABOLISM

The gut microbiota has been implicated in the patho-
genesis of a large series of disorders, including bone dis-
eases.91 Diet is a major factor to determine the types and
proportion of the microorganisms present in gut micro-
biota. Conversely, microbiota contributes to influence
food nutritional value. Bone mass accrual, bone homeo-
stasis, and prevention of sex hormone deficiencye
induced bone loss may benefit from pre- or probiotics
ingestion, which modifies gut microbiota composition
and metabolism.91 The fiber content of the diet markedly
influences gut microbiota composition, by its prebiotic
properties,92 as does the ingestion of foods containing
probiotics.93 Gut microbiota is able tomodulate and stim-
ulate IGF-I synthesis by the host. Changes in gut micro-
biota have been reported with the Mediterranean diet,
which provides fiber, fermented dairy products, and
bioactive food compounds such as polyphenols.94,95
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Genetic background, sex, immune status, age, dietary in-
takes, living conditions, geography, and medications are
likely important confounding factors necessary to
consider in evaluating the effects of gut microbiota on
bone health. However, well-conducted long-term ran-
domized controlled trials, with nutritional interventions
changing gut microbiota composition96 and/or function,
and able of preventing bone loss and/or reducing frac-
ture risk, are not yet available.

XI. CONCLUSIONS

The risk of osteoporotic fractures is a major health
care concern. The impact of a major fracture on patients’
lives is large. The costs borne by society are also signif-
icant, both in terms of immediate care and rehabilitation
and loss of independence and quality of life. Many older

people are undernourished and vitamin D deficient.
These are clinical issues that should be identified and
treated, by adequate dietary intakes of vitamin D, cal-
cium, protein, and calories. Inadequate dietary protein
intake in the oldest old members of the population is
likely a much more severe problem than protein excess.

Practice points for nutritional approach of fracture
prevention

• Correct or prevent vitamin D insufficiency (� 800
IU/d)

• Ensure dietary calcium intake � 1000 mg/d
• Ensure adequate dietary protein intake � 1 g/kg

body weight x d
• Promote weight-bearing physical exercise
• Treat any disease that might be causing bone loss
• Reduce the risk of falls
• Follow-up patients to encourage adherence to

fracture prevention recommendations

RESEARCH GAPS

• To validate management models to optimize nutritional approaches as preventive strategies of bone
disorders

• To demonstrate antifracture efficacy of nutritional intervention and determine its effect size
• To evaluate whether diet-mediated changes in gut microbiota are associated with reduction in fracture risk
• To further estimate the benefiterisk ratio and the cost-effectiveness of nutritional interventions in fracture

prevention
• To identify intervention thresholds in nutritional status for fracture prevention
• To further estimate the benefiterisk ratio of foods for bone health instead of single nutrient intakes
• To explore new pathways of biological response to dietary intake change
• To revisit potential adverse effects such as cardiovascular system precluding adequate use of foods

favorable to bone health
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SUMMARY

Food allergies, sensitivities, and intolerances affect a small but significant portion of the population.
Symptoms can range from mildly annoying to severe and life-threatening. The true food allergies present
the biggest risk because symptoms can occasionally be quite severe and the threshold dose for the
offending food needed to provoke a reaction is quite low. The prevalence of true food allergies is growing
and dietary management in infancy may be a preventive strategy. In general, food sensitivities are poorly
defined and difficult to diagnose. Food intolerances generally present with moderate symptoms and
affected individuals can often tolerate small doses of the offending food. Individuals affected with food
allergies, sensitivities, and intolerances must avoid the causative food. Construction of safe and effective
avoidance diets can be quite difficult for individuals with true food allergies in part due to the low
threshold doses.

Keywords: Avoidance diet; Celiac disease; Eosinophilic esophagitis; Food allergy; Food intolerance; Food
protein-induced enterocolitis; Gluten; Lactose intolerance; IgE; Sulfite.

I. NORMAL FUNCTION AND
PHYSIOLOGY

Centuries ago, Lucretius stated “What is food to one
is bitter poison to another.” Food allergies, sensitivities,
and intolerances can be collectively referred to as “indi-
vidualistic adverse reactions to foods” because these ill-
nesses affected only certain individuals within the
population. In unaffected individuals, food components
are digested, absorbed, and/or metabolized by nor-
mally functioning mechanisms. Unaffected individuals
can eat all foods in the diet without harm. With true
food allergies where naturally occurring dietary pro-
teins elicit abnormal immune responses, the unaffected
individuals safely digest these proteins and utilize
the amino acids in the same manner as for all dietary
proteins (see Chapter 2). With food sensitivities and

intolerances, altered metabolic processes are known to
be involved in some conditions, but the mechanisms
involved in other conditions remain obscure.

II. DISEASES

Although these food allergies, sensitivities, and intol-
erances are often grouped together under the general
heading of “food allergy”, a variety of different types
of illnesses are involved. The existence of several
different types of adverse reactions to foods with varied
symptoms, severity, prevalence, and causative factors is
not recognized by some physicians or nutrition profes-
sionals. Consumers are even more likely to be confused
regarding the definition and classification of adverse re-
actions to foods. Consumers perceive that “food allergies”
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are quite common,1 but many self-diagnosed cases of
“food allergy” incorrectly associate foods with a partic-
ular malady or ascribe various mild forms of postpran-
dial eating discomfort to this category of illness. In this
chapter, we will describe each of these conditions sepa-
rately in an attempt to add clarity.

III. ABNORMAL PHYSIOLOGY OR
FUNCTION

Table 29.1 provides a classification scheme for the
different types of illnesses that are known to occur in as-
sociation with food ingestion that only involve certain
individuals in the population. Three major groups of
individualistic adverse reactions to foods are known:
true food allergies, food sensitivities, and food intoler-
ances. The true food allergies involve abnormal immu-
nological mechanisms, whereas the food sensitivities
and intolerances do not. Knowing and recognizing the
difference between immunological food allergies and
nonimmunological food sensitivities and intolerances
is crucial. True food allergies can be provoked in some
cases by very low doses of the offending foods while
those with sensitivities and intolerances can often
tolerate larger doses of the offending food before symp-
toms are experienced.

A food allergy is an abnormal immunological
response to a food or food component, usually a natu-
rally occurring protein.2 Two different types of abnormal
immunological responses are known to occur. Immedi-
ate hypersensitivity reactions are antibody-mediated,
while delayed hypersensitivity reactions are cell-
mediated. Additionally, mixed responses involving
both antibodies and immune cells occur in several con-
ditions. Finally, other illnesses appear to be food al-
lergies but have obscure mechanisms.

In contrast, food sensitivities and intolerances do not
involve abnormal responses of the immune system.2

Food intolerances are also known as metabolic food dis-
orders because they are caused by abnormalities in

metabolic functions that are only physiologically evident
when certain foods are consumed. Food sensitivities are
idiosyncratic with observed heightened sensitivities to
certain food components that occur through unknown
mechanisms.

IV. IGE-MEDIATED FOOD ALLERGY

Immediate hypersensitivity reactions are mediated by
allergen-specific IgE antibodies (Fig. 29.1). In IgE-
mediated food allergies, allergen-specific IgE antibodies
are produced by B cells in response to the immunological
stimulus created by exposure of the immune system to
the allergen.3 Food allergens are usually naturally occur-
ring proteins present in the food.4 The allergen-specific
IgE antibodies bind to the surfaces of mast cells in the tis-
sues and basophils in the blood, which is the sensitization
phase of the allergic response. The sensitization phase is
asymptomatic. On subsequent exposure to the specific
allergenic food, the allergens cross-link two or more of
the IgE antibodies affixed to the surfaces of mast cells
or basophils. This interaction triggers the degranulation
of the mast cell or basophil and the release of a variety
of potent physiologically active mediators into the blood-
stream and tissues. The granules within mast cells and
basophils contain many of the important mediators of
the allergic reaction. These potent mediators are actually
responsible for the symptoms of immediate hypersensi-
tivity reactions. Histamine is perhaps the most important
of themediators released frommast cells and basophils in
an allergic reaction. Histamine can elicit inflammation,
pruritis, and contraction of the smooth muscles in the
blood vessels, gastrointestinal tract, and respiratory
tract.2 Other important mediators include various leuko-
trienes and prostaglandins. The leukotrienes are associ-
ated with some of the symptoms that develop more
slowly in IgE-mediated food allergies, such as late-
phase asthmatic reactions. This same type of IgE-
mediated reaction is also responsible for allergic reactions
to other environmental substances such as pollens, mold

TABLE 29.1 Classification of individualistic adverse reactions to foods.

True Food Allergies
Antibody-Mediated Food Allergies

IgE-mediated food allergies (peanut, cows’ milk, etc.)
Exercise-associated food allergies

Cell-Mediated Food Allergies
Celiac disease
Other types of delayed hypersensitivity

Food Intolerances
Anaphylactoid Reactions
Metabolic Food Disorders

Lactose intolerance
Idiosyncratic Reactions

Sulfite-induced asthma
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spores, animal danders, and bee venoms; only the source
of the allergen is different.

During the sensitization phase, an individual forms
allergen-specific IgE antibodies after exposure to a spe-
cific food protein. However, even among individuals
predisposed to allergies, exposure to food proteins usu-
ally does not result in the formation of IgE antibodies.
Normally even among individuals predisposed to food
allergies, exposure to a food protein in the gastrointes-
tinal tract results in oral tolerance through either the for-
mation of protein-specific IgG, IgM, or IgA antibodies or
other mechanisms including clonal anergy (no immuno-
logical response whatsoever), apoptosis of antigen-
specific Tcells, active immune suppression, or bystander
suppression.5 Heredity and other physiological factors
are important in predisposing individuals to the devel-
opment of IgE-mediated allergies including food al-
lergies.6 Studies with monozygotic and dizygotic twins
demonstrate that genetics is an extremely important
parameter and that identical twins may even inherit
the likelihood of responding to the same allergenic
food, e.g., peanuts.7 Approximately 65% of patients
with clinically documented allergy have first degree rel-
atives with allergic disease.8 Conditions that increase the
permeability of the small intestinal mucosa to proteins
have been considered to possibly increase the risk of
development of food allergy. An increased risk is seen
in cystic fibrosis patients perhaps due to increased gut
permeability,9 but no increased risk for food allergy is
encountered in premature infants who manifest with
increased gut permeability.10

The onset time for IgE-mediated food allergy reac-
tions ranges from a few minutes to several hours after
the consumption of the offending food. IgE-mediated
food allergies involve numerous symptoms ranging
from mild and annoying to severe and life-threatening
(Table 29.2). No individual with IgE-mediated food al-
lergy suffers from all of the symptoms noted in

Table 29.2. Furthermore, the symptoms are not neces-
sarily consistent from one episode to another for an indi-
vidual. The nature and severity of symptoms can also
vary as a result of the amount of the offending food
that has been ingested and the length of time since the
previous exposure. An individual who experiences
only mild symptoms on ingestion of a specific food,
e.g., oral pruritis, may develop more serious manifesta-
tions on subsequent occasions especially if avoidance of
the offending food is not routinely practiced.

Gastrointestinal symptoms and cutaneous symptoms
are among the more common manifestations of IgE-
mediated food allergies. Respiratory symptoms are less
commonly encountered but can be severe and life-
threatening. Mild respiratory symptoms such as rhinitis
and rhinoconjunctivitis are more likely to be encountered
with exposure to environmental allergens such as directly
inhaled airborne pollens or animal danders. However,
respiratory reactions associated with food allergies can
occasionally be severe (asthma and laryngeal edema).
Those few food-allergic individuals who experience se-
vere respiratory reactions in connection with the inadver-
tent ingestion of the offending food are most likely to be
at risk for life-threatening episodes.11 Of the many symp-
toms involved in IgE-mediated food allergies, systemic
anaphylaxis is the most severe manifestation.12 Systemic
anaphylaxis, also sometimes referred to as anaphylactic
shock, involves multiple organ systems and numerous
symptoms. The symptoms can involve the gastrointes-
tinal tract, respiratory tract, skin, and cardiovascular sys-
tem. Death can occur from severe hypotension coupled
with respiratory and cardiovascular complications.
Anaphylactic shock is the most common cause of death
in the occasional fatalities associated with IgE-mediated
food allergies.11,13e16 The number of deaths occurring
from IgE-mediated food allergies is not recorded in
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FIGURE 29.1 Mechanism of IgE-mediated food allergy.

TABLE 29.2 Symptoms associated with
IgE-mediated food allergy.

Gastrointestinal: Nausea

Vomiting

Diarrhea

Abdominal cramping

Cutaneous: Urticaria

Dermatitis or eczema

Angioedema

Pruritis

Respiratory: Rhinitis

Asthma

Laryngeal edema

Generalized: Anaphylactic shock
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most countries. Fatal food allergy reactions may be
underreported in the United States; estimates vary
widely from 10 to 100 deaths per year.16,17

Food allergies are not often severe. In fact, the most
common manifestation of IgE-mediated food allergies
is oral allergy syndrome, which typically elicits rather
mild oropharyngeal symptoms: pruritis, urticaria, and
angioedema associated with the ingestion of the offend-
ing foodsdoften fresh fruits and vegetables.18 Fresh
fruits and vegetables contain comparatively low quanti-
ties of the protein allergens, but oral allergy syndrome is
an IgE-mediated response involving reactions to certain
specific proteins.18 Apparently, the allergens in these
fresh fruits and vegetables are rapidly digested by the
proteases of the gastrointestinal tract,19 and systemic re-
actions are rarely encountered. The allergens are also
apparently heat labile19 because heat processing elimi-
nates their effects. Individuals with oral allergy syn-
drome are initially sensitized to one or more
environmental pollens, frequently birch pollen, or mug-
wort pollen.18 Once sensitized to the pollen allergens,
these individuals are reactive to proteins that exist in
foods that cross-react with these allergens.

Several environmental factors can exacerbate IgE-
mediated food allergies. The best studied of these condi-
tions is food-dependent, exercise-induced anaphylaxis.
Exercise-induced food allergies are a subset of the imme-
diate hypersensitivity reactions to foods. They involve
allergen-specific IgE antibodies but occur only when the
food is eaten in conjunction with exercise.20 Numerous
foods have been implicated, including shellfish, wheat,
celery, and peach. The symptoms are as individualistic
and variable as those for other food allergies. Exercise-
induced allergies can also exist without any role for
food intake.20 The mechanism of this illness is not well
understood except the involvement of IgE antibodies is
clear. With the recent national emphasis on increased
physical activity, reports of this condition could increase.

The overall prevalence of IgE-mediated food allergies
for all age groups may be as high as 8%e10% for the
United States.21,22 However, an epidemiologic analysis
of the data on prevalence of food allergies revealed that
the evidence basis was remarkably weak.23 For example,
few investigations involving clinical confirmation of IgE-
mediated food allergies have been conducted using repre-
sentative groups of the population; the largest studies in
the United States relied upon surveys.21,22 Selection biases
also plague the prevalence data because many clinical
prevalence investigations have involved groups of pa-
tients seen at allergy clinics. Such selected groups are un-
likely to represent the entire population, and the
prevalence rates for these groups are likely to be higher
than for the general population. A large-scale epidemio-
logical investigation of the prevalence of IgE-mediated
food allergy was conducted in the Netherlands.24 This
study revealed that although >10% of Dutch adults

believed that they had adverse reactions to foods, the
prevalence of these reactions wasw2% when clinical his-
tories were confirmed by blinded food challenges.24 The
prevalence rate for IgE-mediated food allergies among in-
fants and young children is better defined than for
adults.25 Clinical trials among groups of unselected in-
fants suggest that the prevalence of IgE-mediated food al-
lergies is in the range of 4%e8%.26,27 Surveys conducted
in the United States, Canada, and England indicate that
the self-perceived prevalence of peanut allergy alone is
0.5%e0.8% among all age groups,28e30 although the sur-
vey by Gupta et al.21 in the United States suggested a
prevalence of peanut allergy of 2.0% among children
and 1.8% among adults in the United States. A survey
in the United States of the self-perceived prevalence of
tree nut, fish, and crustacean shellfish allergies indicated
that 0.5%, 0.4%, and 1.9%, respectively, believes that
they have these particular food allergies.30,31 Higher prev-
alence levels among US adults were indicated in a more
recent survey22 of 1.2% for tree nuts, 0.9% for fish, and
2.9% for crustacean shellfish. None of these surveys
included clinical investigations to confirm that peanut,
tree nut, fish, or crustacean shellfish allergies truly existed
in these individuals.

Many food-allergic infants outgrow their food al-
lergies within a few months to several years after the
onset of the sensitivity.32 Allergies to certain foods, such
as cows’ milk, are more commonly outgrown than are al-
lergies to certain other foods such as peanut. Allergies to
peanuts were considered to be a lifelong affliction until
clinical researchers demonstrated that peanut allergy,
especially when acquired very early in life, can be
outgrown,33 although that does not seem to be a frequent
occurrence. While milk and egg allergy is more
frequently outgrown than peanut allergy, several studies
have documented that these allergies are increasingly
persistent in a subgroup of patients with milk and egg
allergy.34,35 Tolerance to baked milk and egg products
seems to precede tolerance to less-heated forms of these
foods.36,37 The mechanisms involved in the loss of sensi-
tivity to specific foods are not precisely known, but the
development of immunological tolerance is definitely
involved.5 More heat-stable allergen epitopes may result
in greater persistence.38

Eight foods or food groupsdmilk, eggs, fish, crus-
tacea (shrimp, crab, lobster, etc.), peanuts, soybeans,
tree nuts (walnuts, almonds, hazelnuts, etc.), and
wheatdare responsible for the vast majority of IgE-
mediated food allergies worldwide,39 but regional dif-
ferences exist. Examples of food allergies that occur
more frequently in certain parts of the world than in
others would include celery allergy in Europe,40 sesame
seed allergy in Israel,41 and buckwheat allergy in
Japan.42 These regional differences are likely related to
food preferences in those areas and sometimes to coexis-
tent pollen allergies (e.g., celery allergy in individuals
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sensitized to mugwort pollen). Beyond the eight major
foods or food groups, >160 other foods have been docu-
mented to cause IgE-mediated food allergies.43 Because
food allergens are proteins, any food that contains pro-
tein is likely to elicit allergic sensitization on at least
rare occasions. The eight most commonly allergenic
foods or food groups contain comparatively high
amounts of protein and are commonly consumed in
the diet. However, several other commonly consumed
foods with high protein contents, such as beef, pork,
chicken, and turkey, are rarely allergenic.

Food allergens are almost always naturally occurring
proteins.4 Foods contain hundreds of thousands of
different proteins, and only a small percentage is known
allergens. The major allergens have been identified, pu-
rified, and characterized for most of the commonly aller-
genic foods.4 Multiple allergenic proteins exist in some
commonly allergenic foods. Foods may contain bothma-
jor and minor allergens. Major allergens are defined as
proteins that bind to serum IgE antibodies from >50%
of patients with a specific food allergy. For example,
milk contains three major allergens: casein, b-lactoglob-
ulin, and a-lactalbumin.44 These also happen to be the
major milk proteins. Milk may also contain several mi-
nor allergens, e.g., bovine serum albumin and lactofer-
rin, although the level of evidence for clinical
relevance is less convincing for these minor allergens.45

Peanuts contain multiple allergens including four major
allergens, named Ara h 1, Ara h 2, Ara h 3, and Ara h 6,46

although it is doubtful that all of the minor IgE-binding
proteins from peanut are clinically significant. In
contrast, codfish (Gad c 1) and Brazil nut (Ber e 1) contain
primarily one major allergenic protein.4

For some foods, cross-reactions occur with closely
related foods. For example, shrimp-allergic individuals
will also typically be sensitive to other crustaceans
including crab and lobster.47 Similarly, cross-reactions
commonly occur between different species of fish,47

different species of avian eggs,48 and milk from cows
and goats.49 In contrast, some peanut-allergic individuals
are allergic to other legumes such as soybean,50 but this is
not common. Clinical hypersensitivity to one legume,
such as peanuts or soybeans, does not warrant exclusion
of the entire legume family from the diet unless allergy to
each individual legume is confirmed by clinical challenge
trials.51 However, there are a few instances with legumes
where cross-reactions become a more serious concern.
The best example would be cross-reactions between
lupine seed flour and peanut.52,53

Cross-reactions are also known to occur between
certain types of pollens and foods. These reactions are
often involved with oral allergy syndrome that was
described earlier. Examples would include ragweed pol-
len and melons, mugwort pollen and celery, mugwort
pollen and hazelnut, and birch pollen and various foods
including carrots, apples, hazelnuts, and potatoes.54

Cross-reactions are also known to occur between al-
lergies to natural rubber latex and banana, chestnut, av-
ocado, and kiwi among others.55

V. DELAYED IGE-MEDIATED
HYPERSENSITIVITIES

As noted, IgE-mediated reactions typically involve
immediate onset. But one type of delayed hypersensitiv-
ity reaction mediated by IgE antibodies has been
identifieddthe so-called alpha-gal syndrome.56 This
condition is triggered by ingestion of mammalian meats
with symptoms appearing 3e6 h after meat ingestion.
Diagnosis is established by presence of elevated levels
of IgE antibodies directed against an oligosaccharide,
galactose-a-1,3-galactose (alpha-gal). Sensitization oc-
curs from the bite of several species of ticks.57 Subse-
quently affected individuals have adverse reactions
from the ingestion of meat products that apparently
contain glycoproteins with alpha-gal moieties. IgE-
mediated food allergies usually involve immediate
onset of symptoms, and the explanation for the delayed
basis of the alpha-gal syndrome is not known. Also most
allergens are proteins, but in this unique situation, the
antibodies are directed at carbohydrate structures.

VI. CELL-MEDIATED
HYPERSENSITIVITIES

Some forms of delayed hypersensitivities are medi-
ated by immune cells involving tissue-bound T lympho-
cytes that are sensitized to a specific foodborne
substance that triggers the reaction.2 These reactions
often result in localized tissue inflammation. In such re-
actions, symptoms begin to appear 6e24 h after con-
sumption of the offending food.

The principal example of this type of delayed hyper-
sensitivity reaction is celiac disease (also known as celiac
sprue, nontropical sprue, or gluten-sensitive enteropa-
thy), a malabsorption syndrome occurring in sensitive in-
dividuals upon the consumption of wheat, rye, barley,
triticale, spelt, kamut, and other grains containing prola-
min proteins.2,58 Celiac disease is a chronic, immune-
mediated, enteropathy resulting from consumption of
the offending grains or protein-containing products
derived from those grains.58,59 Histologic examination re-
veals characteristic villous atrophy, crypt hyperplasia,
and intraepithelial lymphocytosis.59 Although the in-
flammatory process specifically targets the small intes-
tine, both intestinal and extraintestinal symptoms may
occur.60 The mucosal damage, especially the villous atro-
phy, leads to nutrient malabsorption. Some symptoms
such as weight loss, anemia, and bone pain are associated
with nutrient deficiencies associated with active celiac
disease. Intestinal Tcells reactive to gliadin, the prolamin
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fromwheat, are found in celiac patients including infants
predisposed to development of the disease.61 Celiac dis-
ease is an inherited trait, occurring inw5% of first degree
relatives of celiac patients and w75% of monozygotic
twin pairs.62 Histocompatibility locus antigen (HLA)
class II genes (DQ8 and DQ2) are the major genes associ-
ated with celiac disease, but concordance for celiac dis-
ease is only 25%e40% in siblings who are identical for
one or both HLA haplotypes.63 Thus, genes outside of
the HLA locus likely have some as-yet undefined role
in disease susceptibility.

The prevalence of celiac disease is between 0.5% and
1.0% in the United States.64,65 Prevalence estimates from
different parts of the world are somewhat variable60

perhaps complicated by the use of different diagnostic
approaches. Celiac disease appears to be latent or
asymptomatic in some individuals whose symptoms
only appear occasionally.58 The prevalence of celiac dis-
ease in the United States has increased over the past few
decades for unexplained reasons.66

Celiac disease is associated with the ingestion of
gliadin from wheat and related prolamin proteins from
other grains.2 The prolamin fraction of wheat is known
as gliadin. Gliadin together with a more insoluble pro-
tein called glutenin forms the gluten complex in wheat.
Hence, celiac disease is sometimes called gluten-
sensitive enteropathy. A defect in mucosal processing
of gliadin in patients with celiac disease provokes the
generation of toxic peptides that contribute to the
abnormal T-cell response and the subsequent inflamma-
tory reaction.61 The risk of death as a direct result of ce-
liac disease is low,67 but individuals suffering from
celiac disease for prolonged periods are at increased
risk for development of T-cell lymphoma.68 Patients
also appear more likely to have various other autoim-
mune diseases including dermatitis herpetiformis, thy-
roid diseases, Addison’s disease, pernicious anemia,
autoimmune thrombocytopenia, sarcoidosis, insulin-
dependent diabetes mellitus, and IgA nephropathy.58,69

VII. MIXED IGE- AND CELL-
MEDIATED HYPERSENSITIVITIES

Eosinophilic esophagitis (EoE) is the most common
illness that fits into this category of immune-mediated
illness. EoE has rapidly emerged as an illness of
increasing importance over the past 10 years. EoE is typi-
cally characterized by symptoms of esophageal dysfunc-
tion.70 Esophageal rings and strictures can develop
leading to food impaction and dysphagia.71 Vomiting
can also occur. Food allergies are often involved with
milk, wheat, egg, beef, soy, and chicken most commonly
implicated.72 The prevalence of EoE is increasing and
may be as high as 1 in 1000 among adults and children.73

Several other eosinophilic disorders of the gastroin-
testinal tract also appear to fit within this category
including eosinophilic colitis (EC), eosinophilic gastritis
(EG), and eosinophilic gastroenteritis (EGE).72 These ill-
nesses are rather rare compared to EoE. EC affects pri-
marily infants, and causative foods seem restricted to
milk and soy. EG is more common in adults than chil-
dren and can involve wheat, soy, egg, and tree nuts.
EGE is encountered almost exclusively in adults, and
seafoods and meats are implicated.

VIII. OTHER NONIGE-MEDIATED
FOOD ALLERGIES

Several illnesses should be discussed in this section
including food proteineinduced enterocolitis syndrome
(FPIES), food proteineinduced allergic proctocolitis
(FPIP), and food protein enteropathy (FPE).72 All of
these illnesses are considered as food allergies even
though the direct involvement of the immune system
in these disorders requires further elucidation. FPIES
has recently been recognized clinically as an important
disorder among infants and young children.74 FPIES
presents with repeated, profuse vomiting, pallor, leth-
argy, and often with diarrhea leading to acute
dehydration.74,75 Chronically, FPIES can lead to weight
loss and failure to thrive in infants.75 The acute dehydra-
tion can lead to severe hypotension in some cases.74

FPIES most commonly is associated with cows’ milk
but can also be triggered by soy, rice, oats, and egg.72

In a large study involving more than 13,000 Israeli in-
fants, 0.34% developed FPIES to milk, but 90% of the
cases had resolved by the age of 3 years.76 FPIES rarely
occurs in exclusively breastfed infants.75 In contrast,
FPIP is a benign condition occurring in otherwise
healthy young infants who produce bloody stools.75

FPIP most often develops with breastfed infants and re-
solves when the lactating mothers remove milk and soy
from their diets.75 FPIP typically resolves by the end of
the first year of life.75 FPE usually presents in infancy
with recurrent abdominal pain and chronic malabsorp-
tive diarrhea.77 Celiac disease is an example of an FPE.
However, cases have been described on children who
have similar reactions to foods other than gluten-
containing grains, particularly milk.77 Even some pa-
tients with celiac disease have been described who are
also reactive to a second food, usually milk.77

IX. FOOD SENSITIVITIES

Some individuals have heightened sensitivities to
certain food components that have unknown mecha-
nisms. Since the components are typically not proteins,
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the immune system is unlikely to be involved. While
such complaints are numerous and involve many food
components, especially additives, the causeeeffect rela-
tionships have not been clearly established in many
cases. Psychosomatic illnesses are included in this cate-
gory. In this section, we will discuss two illnesses where
the causeeeffect relationship is reasonably clear, but the
mechanism of action remains unknown. The first will be
nonceliac gluten sensitivity which is likely related to
gluten, a protein component of certain grains. The sec-
ond will be sulfite-induced asthma where the food
component is an additive.

Nonceliac gluten sensitivity is diagnosed by exclu-
sion. Patients do not have celiac disease or wheat allergy
(negative diagnostic tests) but yet experience intestinal
or extraintestinal symptoms or both upon ingestion of
gluten-containing grains such as wheat, barley, or
rye.60 The symptoms are similar to celiac disease so
the diagnosis cannot be made by symptomatic history
alone. The condition does improve upon the removal
of gluten-containing grains and ingredients from the
diet and that becomes part of the diagnostic criteria.
Because no biomarkers are available and the diagnosis
is difficult, no estimates exist regarding the prevalence
of nonceliac gluten sensitivity. Because the condition is
associated with gluten-containing grains, it is often
thought to be associated with gluten or other proteins
from wheat and related grains,63 but definitive proof
of that association is lacking. While the mechanism of
nonceliac gluten sensitivity has not been elucidated,
the exposure of peripheral blood mononuclear cells
from patients with this condition included an overacti-
vation of the proinflammatory chemokine, CXCL10.78

Sulfites are common food additives that also occur
naturally in certain foods, especially fermented foods,
usually in small amounts.79 Although asthma is the
only well-established symptom associated with sulfite
sensitivity, only a small percentage of asthmatics are sul-
fite sensitive.79 Individuals with severe asthma who
require steroids for control of symptoms are the primary
risk group for sulfite sensitivity, but only w5% of these
are sulfite sensitive.79 Sulfite-induced asthma can be quite
severe, and deaths have been documented.79 The mecha-
nism of sulfite-induced asthma remains unclear although
several hypotheses have been put forward.79 Immuno-
logical mechanisms are not likely to be involved.

X. FOOD INTOLERANCES

Food intolerances also known as metabolic food dis-
orders occur as the result of genetically determined
metabolic deficiencies that either affect the ability to
metabolize a specific substance in foods or heighten

sensitivity to a particular foodborne chemical.2 Lactose
intolerance is an example of a metabolic food disorder.2

Inborn errors of metabolism such as phenylketonuria
could be discussed within this context as some of them
do respond to dietary restrictions. Conditions such as
phenylketonuria are much more serious than lactose
intolerance and involve special clinical oversight. They
will not be discussed further in this chapter.

Lactose intolerance is associated with a deficiency of
the enzyme, b-galactosidase (lactase), in the intestinal
tract that leads to an inability to metabolize lactose
from milk and other dairy products.80 The symptoms
of lactose intolerance are mild, confined to the gastroin-
testinal tract, and include abdominal discomfort, flatu-
lence, and frothy diarrhea.80 Lactose intolerance affects
a large number of people worldwide with a frequency
as high as 60%e90% among people with African, Native
American, Hispanic, Asian, Jewish, and Arab ancestry.2

In contrast, the prevalence among North American Cau-
casians is w6e12%.2

XI. ROLE OF DIET IN THE ONSET OF
THE CONDITION

Dietary components clearly trigger food allergies,
sensitivities, and intolerances, but in most of these con-
ditions, diet is not known to play any role in the onset
of the condition. Dietary factors could play some role
in certain conditions, but more research will be needed
to understand those relationships. The exceptions are
IgE-mediated food allergies and celiac disease where
the diet and epigenetic factors related to diet appear to
play a key role in the onset of the condition.

With IgE-mediated food allergies, genetics is clearly
important because IgE-mediated food allergies are
most likely to develop in high-risk infantsdthose born
to parents with histories of allergic disease of any type
(pollens, mold spores, animal danders, bee venoms,
food, etc.). Preventing the development of food allergies
in such infants has been a subject of great interest but
limited progress until recently. The restriction of the
diet of the mother during pregnancy (excluding
commonly allergenic foods such as peanuts) does not
appear to help prevent allergy in the infant81 suggesting
that sensitization does not occur in utero. Breastfeeding
for extended periods of time appears to delay but may
not prevent the development of IgE-mediated food al-
lergies.82 The exclusion of certain commonly allergenic
foods, such as peanuts, from the maternal diet during
the lactation period has often been recommended. The
use of probiotics during lactation may also help to lessen
the likelihood of allergic sensitization.83 Hypoallergenic
infant formula may also prevent the development of
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food allergies in high-risk infants,84 although these for-
mulas are more often used to prevent reactions after
sensitization has already occurred. The use of partial
whey hydrolyzate formula has been advocated because
the partial hydrolyzate is more likely to prevent sensiti-
zation than a formula based on whole milk.85 High-risk
infants may still develop food allergies once solid foods
are introduced into the diet.82

As the prevalence of IgE-mediated food allergies
continued to increase rather rapidly in recent decades,
researchers continued to probe for more effective pre-
ventive measures. Multiple factors are likely involved
to one degree or another,86 but weaning practices
appear to play a significant role. The Learning Early
About Peanut (LEAP) trial demonstrated that the intro-
duction of peanut to high-risk infants (with a history of
egg allergy and dermatitis) beginning at 4e6 months
of age resulted in a dramatically lower prevalence of
peanut allergy at age of 5 years.87 This finding
confirmed an initial observation that Jewish children
in Tel Aviv had a much lower prevalence of peanut
allergy than genetically similar Jewish children in
London attributed to the consumption of a popular
extruded peanut snack in Israel.88 Before the LEAP
trial, pediatric societies had recommended delaying
the introduction of peanuts during the weaning period
until 3 years of age or longer. These recommendations
have now been changed.89 The early introduction of
other commonly allergenic foods during the early
weaning period may also be beneficial,90 but continued
research is needed to explore this approach more fully.
Breastfeeding remains highly recommended, but the
early introduction of commonly allergenic foods may
serve to prevent the development of food allergies.

Epigenetic factors beyond weaning practices are
increasingly considered as contributors to the develop-
ment of food allergies.86 Dietary factors may be involved
including vitamin A, vitamin D, long-chain n-3 fatty
acids, and antioxidants. Vitamin A is known to stimulate
an antiinflammatory microenvironment within mucosal
tissues through boosting of the production of Treg cells.5

As a result, vitamin A appears to stimulate the develop-
ment of oral tolerance. However, the specific role of
vitamin A in the development of food allergy remains
to be determined.91 The role of vitamin D in prevention
of food allergies is also not clearly defined.92 Vitamin D
definitely exerts potentially beneficial effects at the
immunological level.86 However, a caseecontrol study
showed that vitamin D insufficiency during the first
6 months was not associated with an increased risk of
challenge-proven egg allergy in infants at age of
1 year.93 Evidence does suggest that the positive effect
of vitamin D on food sensitization is associated with
certain genetic variants.86 The effects of vitamin D

supplementation during pregnancy have not been stud-
ied. The intake of long-chain n-3 polyunsaturated fatty
acids appears to have a preventive effect on the develop-
ment of IgE-mediated allergies.94 These n-3 PUFAs may
exert the preventive effect by inducing a favorable bal-
ance of prostaglandins and cytokines affecting T-cell
classes.86 The roles of other dietary antioxidants such
as vitamin E, vitamin C, and b-carotene on the develop-
ment of food allergy are less clear and not as well
investigated.86

The gastrointestinal microbiome likely influences the
development of food allergy,95 but the extent of the effect
remains unclear. Infants born by Cesarean section have a
sterile intestinal tract at birth and do not inherit their
mother’s protective microbiome. Infants born by Cesar-
ean are at increased risk of the development of food
allergies.96,97 Prebiotics such as oligosaccharides and
especially the human milk oligosaccharides can alter
the intestinal microbiome in a manner that seems to pro-
tect against the development of food allergy.98 The addi-
tion of prebiotic oligosaccharides to infant formula is
being explored as one potential strategy to prevent
food allergies in early life.98

With celiac disease, the main driver appears to be
genetic. Because not all individuals with the genetic
predisposition get celiac disease, the possibility exists
that other factors may be involved. Two randomized con-
trol trials have demonstrated that neither the delayed
introduction of gluten or breastfeeding of genetically pre-
disposed infants affected the risk of development of
celiac disease.59 Hostemicrobe interactions may also
play a role in prevention of celiac disease in infants.59

The addition of probiotics into the infant diet is being
explored.

XII. MEDICAL TREATMENT

Medical treatment primarily exists only for IgE-
mediated food allergies, although novel therapies are
also being explored for celiac disease. Medical treat-
ments have not been developed for alpha-gal syndrome,
mixed IgE- and cell-mediated hypersensitivities, none
IgE-mediated food allergies, food sensitivities, or food
intolerances.

Pharmacological approaches (epinephrine and antihis-
tamines) are available for treating the symptoms of IgE-
mediated allergic reactions.99 Antihistamines are often
used to treat the symptoms of mild to moderate food al-
lergy reactions. However, epinephrine is the drug of
choice to treat severe anaphylactic reactions to foods.

Several immunotherapeutic approaches have been
developed for the treatment of IgE-mediated food al-
lergies. The first of the immunotherapeutic approaches
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involved administration of antiIgE antibodies.100 While
this approach has not gained approval, it does appear
to be effective in increasing the level of tolerance to the
offending food.101 Subsequently, oral, sublingual, and
epicutaneous immunotherapies have shown promise.102

These approaches do not lead to sustained unrespon-
siveness or tolerance to the offending food but do in-
crease the individual’s threshold dose thereby
decreasing the risk of unexpected reactions occurring
in the community.103 Individuals who have achieved
some degree of desensitization through immunotherapy
must continue to consume a maintenance dose of the
food or risk reverting to a lower threshold dose. Other
novel therapies are under active development with the
hope to achieve sustained oral tolerance.104

Several novel therapies are in the development stages
for celiac disease including both pharmacological and
tolerogenic approaches. Pharmacological approaches,
all in the early stages of development, include the oral
administration of endopeptidases, tight junction modu-
lators, transglutaminase inhibitors, inflammatory prote-
ase inhibitors, HLA-DQ2 blockers, and gluten-binding
agents.59 Tolerogenic approaches include a peptide-
based vaccine, parasitic immunoregulation, and nano-
particle therapy but none are yet approved by FDA for
clinical use.59 Additionally, plant breeding and agricul-
tural biotechnology approaches to develop wheat vari-
eties with low gliadin content are being pursued.105

XIII. DIETARY MANAGEMENT

At present, avoidance diets remain as the mainstay
approach for preventing food allergies, sensitivities,
and intolerances.63,106,107 For example, if allergic to pea-
nuts, simply avoid peanuts in all forms. A competent
diagnosis with identification of the causative food or
food ingredient is a necessary preamble to any advice
on a suitable avoidance diet for any of these conditions.

In the case of IgE-mediated food allergies, a careful
history of the individual’s reactions of various foods
and oral challenges are typically sufficient to identify
the causative foods.108 The presence of food-specific
IgE antibodies as determined by serum testing or skin
prick tests is insufficient to establish clinical reactivity.108

Consultation with knowledgeable dietitians is then crit-
ical to the construction of a safe and nutritionally
adequate avoidance diet for children and adults. More
individuals are being diagnosed with multiple food
allergies,21 which increases the criticality of nutritional
consultation. Nutritionally inadequate avoidance diets
can lead to micronutrient deficiencies.109

In IgE-mediated food allergies, individual minimal
provoking doses (thresholds) are highly variable. In
some affected individuals, exposure to trace levels of the

offending food can elicit adverse reactions. Anecdotal re-
ports suggest that reactions could occur from exposure to
the small quantities via using shared utensils or con-
tainers, kissing the lips of someone who has eaten the
offending food, opening packages of the offending food,
or inhalation of vapors from the offending food. Although
these situations are not well documented, the amount of
the offending food that would be ingested from such oc-
currences would be quite low. The anecdotes and reports
of reactions to “hidden” allergens in foods (not always
trivial doses)110 have led to the widespread belief that
very small doses of the offending food can elicit severe
allergic reactions. Thus complete avoidance is the most
frequently recommended approach for IgE-mediated
food allergies. In reality, threshold doses do exist, below
which allergic individuals will not experience adverse re-
actions.111 Threshold doses do not appear to be the same
for all allergenic foods.111 Sincemost food-allergic individ-
uals do not know their personal threshold dose, caution
remains necessary for safe and effective avoidance diets.
With packaged foods, food-allergic consumers rely upon
the ingredient labels to identify the allergens that must
be avoided; the enactment of labeling legislation in several
countries including the United States has simplified this
effort.39 Food-allergic consumers are advised to avoid all
ingredients derived from foods that provoke their al-
lergies.106 However, the levels of allergenic protein from
the source food in various ingredients can vary from triv-
ial to substantial thus complicating avoidance diets.112

Allergic consumers frequently worry about cross contam-
ination in food processing operations resulting from
shared equipment and shared facilities. Since public
health agencies have not established threshold levels for
allergenic foods, the significance of such concerns is diffi-
cult to assess. Accordingly, precautionary allergen label-
ing (e.g. “may contain X” and similar) abounds on
packaged foods and additionally places stress on con-
sumers following avoidance diets.113,114 Avoidance diets
are a practical approach for individuals with IgE-
mediated food allergies, but this management approach
has become increasingly complex in recent years.

Alpha-gal syndrome is also treated with avoidance
diets. All types of red meat must be avoided.56 No infor-
mation is available on threshold doses for this condition.

An avoidance diet, in this case gluten avoidance, is
also the mainstay for management of celiac disease.63

The usual recommendation is complete avoidance of
gluten, which comes with many of the same challenges
outlined above for IgE-mediated food allergies. A con-
centration of <20 ppm gluten has been defined as the
consensus level for gluten-free foods globally.115 The
tolerance for gluten is likely to be variable among celiac
sufferers. Clinical studies have indicated the daily
gluten consumption of 10 mg is safe116 and supports
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the establishment of the gluten-free definition. Patients
with celiac disease avoid all gluten-containing grains
including wheat, barley, rye, spelt, and kamut. Most
celiac sufferers have also historically avoided oats,
although the role of oats in the elicitation of celiac
disease was refuted.117 Because oats are often contami-
nated with wheat and/or barley in commerce, some
caution may still be necessary. However, gluten-free
oat products, grown or processed to remove wheat or
barley contamination, are now available in the market-
place. Gluten-free oats and many other gluten-free
foods have become quite popular in the United States.
Thus, the maintenance of a gluten-free diet has become
easier.

With EoE, avoidance diets are implemented in man-
agement although it can be more difficult to clinically
determine the identity of the specific causative
foods.118,119 While the threshold dose for elicitation of
EoE is unknown, some evidence suggests that low-
dose exposures can be problematic for some affected
persons.118 Avoidance diets are also employed in the
management of other eosinophilic disorders72 but typi-
cally involve a limited number of foods.

With the other noneIgE-mediated food allergies
(FPIES, FPIP, and FPE), only short-term avoidance diets
are needed in most cases because the illnesses affect in-
fants and spontaneously resolves as the child gets older.72

Although no studies have been conducted on threshold
doses for these conditions, strict avoidance of low doses
is likely not necessary in the case of FPIES.118

Food sensitivities are treated with specific avoidance
diets. In the case of nonceliac gluten sensitivity, affected
individuals are advised to follow the same gluten-free
diet as with celiac disease.60 However, nonceliac gluten
sensitivity is thought to be a transient condition, so
avoidance periods of 12e24 months are often employed.

Sulfites added to foods must be declared on product
labels so avoidance diets are reasonably easy to
develop.79 Sulfite-sensitive individuals with asthma
can tolerate the ingestion of small quantities of sulfite,
especially when the sulfites are incorporated in certain
types of foods where the sulfite is bound to other food
components such as shrimp or dehydrated potatoes.120

Although sulfite-induced asthma poses a considerable
risk to sensitive individuals, this condition is manage-
able once it is recognized.

The usual treatment for lactose intolerance is the
avoidance of dairy products containing lactose, but
lactose-intolerant individuals can tolerate some lactose
in their diets2 and most have virtually no symptoms
on consumption of the amount of lactose in 235 mL

(1 cup) of milk.2 Additionally, some dairy products
(e.g., yogurt, acidophilus milk) are better tolerated
than others, apparently because they contain bacteria
with b-galactosidase.2 Lactase (b-galactosidase) tablets
are available commercially and assist affected individ-
uals in tolerating modest doses of lactose. Thus, lactose
intolerance is a manageable condition.

XIV. CONCLUSION

Knowledge about some of the more important clinical
conditions involved with food allergies, sensitivities,
and intolerances including IgE-mediated food allergies,
celiac disease, and EoE has increased substantially in
recent years. Meanwhile other conditions are only
recently being recognized including nonceliac gluten
sensitivity and FPIES. Knowledge surrounding food
sensitivities and intolerances is limited and primarily
associated with lactose intolerance and sulfite sensi-
tivity. Nutrition professionals have long played an
important role in providing individuals with advice on
the construction of safe and effective avoidance diets.
However recently, attention has also focused on the
role of nutrition in prevention of the development of
food allergies, sensitivities, and intolerance. Research
box includes a short-term list of key nutritional research
studies. Table 29.3 (box) provides emerging areas where
many nutrition professionals need to gain knowledge to
provide the best advice to their clients.

TABLE 29.3 Emerging areas of knowledge important to nutrition
professionals.

• Early introduction of commonly allergenic foods for the prevention
of food allergy development and the benefits to families of high risk
and all infants

• Food allergen immunotherapy (oral and epicutaneous) for
desensitization to allergenic foods and the need to ongoing
maintenance doses

• Dietary avoidance advice to children with multiple food allergies

• The persistence or natural history of various food allergies

• Role of food processing on the allergenicity of certain foods, e.g.,
baked milk or egg

• Threshold doses for commonly allergenic foods

• Dose versus severity for IgE-mediated food allergy

• Understanding of the role of diet in emerging conditions such as
eosinophilic disorders, food proteineinduced enterocolitis, and
others
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RESEARCH GAPS

Nutritional research gaps on food allergies, sensitivities, and intolerances

• Determine if early introduction of peanuts into the diets of infants who are NOT high risk for development of food

allergies has any benefit

• Determine if early introduction of other allergenic foods into the diets of infants, both high risk and not high risk, has any

benefit for the prevention of food allergy development

• Further assess the potential nutritional epigenetic factors on the prevention of the development of food allergies

• Determine if breastfeeding, with or without early supplementation with allergenic foods, has any effect on the prevention

of food allergy development

• Assess the dietary behavior of patients who have achieved partial desensitization through food allergen immunotherapy

• Explore the relationship between the gut microbiome on food allergy prevention and persistence

• Determine if early introduction of gluten has any impact of the prevention of celiac disease

• Explore the relationship of the gut microbiome on celiac disease and other cell-mediated or non-IgE-mediated food

allergy

• Assess the potential impact of nutritional epigenetic factors on the prevention of the development of celiac disease and

other cell-mediated or non-IgE-mediated food allergy

• Determine the persistence of nonceliac gluten sensitivity

XV. REFERENCES

1. Sloan AE, Powers ME. A perspective on popular perceptions of
adverse reactions to foods. J Allergy Clin Immunol. 1986;78:
127e133.

2. Taylor SL, Hefle SL. Food allergies and other food sensitivities.
Food Technol. 2001;55(9):68e83.

3. Sampath V, Tupa D, Graham MT, et al. Deciphering the black box
of food allergy mechanisms. Ann Allerg Asthma Immunol. 2017;118:
21e27.

4. Breiteneder H, Mills ENC. Food allergens: molecular and immu-
nological characteristics. In: Metcalfe DD, Sampson HA,
Simon RA, eds. Food Allergy: Adverse Reactions to Foods and

Food Additives. 4th ed. Malden MA: Blackwell Publishing; 2008:
43e61.

5. Sricharunrat T, Pumirat P, Leaungwutiwong. Oral tolerance:
recent advances on mechanisms and potential applications. Asian
Pac J Allergy Immunol. 2018;36:207e216.

6. Tsai H-J, Kumar R, Pongracic J, et al. Familial aggregation of food
allergy and sensitization to food allergens: a family-based study.
Clin Exp Allergy. 2009;39:101e109.

7. Sicherer SH, Furlong TJ, Maes HH, et al. Genetics of peanut al-
lergy: twin study. J Allergy Clin Immunol. 2000;106:53e56.

8. Hourihane JO’B, Dean TP, Warner JO. Peanut allergy in relation to
heredity, maternal diet, and other atopic diseases: results of a
questionnaire survey, skin prick testing, and food challenge. Br
Med J. 1996;313:518e521.

9. Lucarelli S, Quattrucci S, Zingoni AM, et al. Food allergy in cystic
fibrosis. Minerva Pediatr. 1994;46:543e548.

10. Liem JJ, Kozyrskyj AL, Hug SI, et al. The risk of developing food
allergy in premature or low-birth-weight children. J Allergy Clin

Immunol. 2007;119:1203e1209.
11. Sampson HA, Mendelson L, Rosen J. Fatal and near-fatal anaphy-

lactic reactions to foods in children and adolescents. N Engl J Med.
1992;327:380e384.

12. Greenhawt M, Gupta RS, Meadows JA, et al. Guiding principles
for the recognition, diagnosis, and management of infants with
anaphylaxis: an expert panel consensus. J Allergy Clin Immunol

Pract. 2019;7:1148e1156.

13. Yunginger JW, Sweeney KG, Sturner WQ, et al. Fatal food-
induced anaphylaxis. J Am Med Assoc. 1988;260:1450e1452.

14. Bock SA, Munoz-Furlong A, Sampson HA. Further fatalities
caused by anaphylactic shock, 2001-2006. J Allergy Clin Immunol.
2007;119:1016e1018.

15. Pumphrey RSH, Gowland H. Further fatal allergic reactions to
foods in the United Kingdom, 1999e2006. J Allergy Clin
Immunol. 2007;119:1018e1019.

16. Turner PJ, Jerschow E, Umasunthar T, et al. Fatal anaphylaxis:
mortality and risk factors. J Allergy Clin Immunol Pract. 2017;5:
1169e1175.

17. Sampson HA. Anaphylaxis and emergency treatment. Pediatrics.
2003;111:1601e1608.

18. Wang J. Oral allergy syndrome. In: Metcalfe DD, Sampson HA,
Simon RA, eds. Food Allergy: Adverse Reactions to Foods and Food

Additives. 4th ed. Malden MA: Blackwell Publishing; 2008:
133e143.

19. Taylor SL, Lehrer SB. Principles and characteristics of food
allergens. Crit Rev Food Sci Nutr. 1996;36:S91eS118.

20. Foong R-X, Giovannini M, du Toit G. Food-dependent exercise-
induced anaphylaxis. Curr Opin Allergy Clin Immunol. 2019;19:
224e228.

21. Gupta RS, Springston EE, Warrier MR, et al. The prevalence,
severity, and distribution of childhood food allergy in the United
States. Pediatrics. 2011;128:e9ee16.

22. Gupta RS,Warren CM, Smith BM, et al. Prevalence and severity of
food allergy among U.S. adults. JAMA Netw Open. 2019;2.
e185630, 14 pp.

23. Rona RJ, Keil T, Summers C, et al. The prevalence of food allergy:
a meta analysis. J Allergy Clin Immunol. 2007;120:638e646.

24. Neistijl Jansen JJ, Kardinaal AFM, Huijbers G, et al. Prevalence of
food allergy and intolerance in the adult Dutch population.
J Allergy Clin Immunol. 1994;93:446e456.

25. Sampson HA. Food allergy. Curr Opin Immunol. 1990;2:542e547.
26. Bock SA, Lee WY, Remigio LK, May CD. Studies of hypersensitiv-

ity reactions to foods in infants and children. J Allergy Clin
Immunol. 1978;62:327e334.

27. Sampson HA. Update on food allergy. J Allergy Clin Immunol.
2004;113:805e819.

Section C. Clinical Nutrition

XV. References 545



28. Emmett SE, Angus FJ, Fry JS, et al. Perceived prevalence of peanut
allergy in Great Britain and its association with other atopic con-
ditions and with peanut allergy in other household members.
Allergy. 1999;54:380e385.

29. Ben-ShoshanM,HarringtonDW, Soller L, et al. A population-based
study on peanut, tree nut, fish, shellfish, and sesame allergy prev-
alence in Canada. J Allergy Clin Immunol. 2010;125:1327e1335.

30. Sicherer SH, Munoz-Furlong A, Godbold JH, et al. US prevalence
of self- reported peant, tree nut, and sesame allergy: 11-year
follow-up. J Allergy Clin Immunol. 2010;125:1322e1326.

31. Sicherer SH, Munoz-Furlong A, Sampson HA. Prevalence of sea-
food allergy in the United States by a random telephone survey.
J Allergy Clin Immunol. 2004;114:159e165.

32. Savage J, Sicherer S, Wood R. The natural history of food allergy.
J Allergy Clin Immunol Pract. 20, 1916;4:196e203.

33. Skolnick H, Conover Walker MK, Barnes-Koerner C, et al. The
natural history of peanut allergy. J Allergy Clin Immunol. 2001;
107:367e374.

34. Savage JH,Matsui EC, Skripak JM, et al. The natural history of egg
allergy. J Allergy Clin Immunol. 2007;120:1413e1417.

35. Skripak JM, Matsui EC, Mudd K, et al. The natural history of IgE-
mediated cow’s milk allergy. J Allergy Clin Immunol. 2007;120:
1172e1177.

36. Leonard SA, Caubet J-C, Kim JS, et al. Baked milk- and egg-
containing diet in the management of milk and egg allergy.
J Allergy Clin Immunol Pract. 2015;1:13le23.

37. Nowak-Wegrzyn A, Lawson K, Musilamani M, et al. Heat-
denatured (baked) milk products in milk-allergicv children.
J Allergy Clin Immunol Pract. 2018;6:486e495.

38. BloomKA, Huang FR, Bencharitiwong R, et al. Effect of heat treat-
ment on milk and egg proteins allergenicity. Pediatr Allergy

Immunol. 2015;25:740e746.
39. Taylor SL, Baumert JL. Worldwide food allergy labeling and

detection of allergens in processed foods. In: Ebisawa M,
Ballmer-Weber B, Vieths S, Wood R, Karger S, eds. Food Allergy:

Molecular Basis and Clinical Practice, Chemical Immunology & Allergy
Series. Vol. 101. 2015:227e234. Basel, Switzerland.

40. Woods RK, AbramsonM, Bailey M, et al. International prevalence
of reported food allergies and intolerances. Comparisons arising
from the European Community Respiratory Health Survey
(ECRHS) 1991e1994. Eur J Clin Nutr. 2001;55:298e304.

41. Dalal I, Goldberg M, Katz Y. Sesame seed food allergy. Curr Al-
lergy Asthma Rep. 2012;12:339e345.

42. Ebisawa M, Nishima S, Ohnishi H, et al. Pediatric allergy and
immunology in Japan. Pediatr Allergy Immunol. 2013;24:704e714.

43. Hefle SL, Nordlee JA, Taylor SL. Allergenic foods.Crit Rev Food Sci
Nutr. 1996;36:S69eS89.

44. Tsabouri S, Douras K, Priftis KN. Cow’s milk allergenicity. Endocr
Metab Immune Disord Drug Targets. 2014;14:16e26.

45. Hochwallner H, Schulmeister U, Swoboda I, et al. Cow’s milk al-
lergy: from allergens to new forms of diagnosis, therapy, and
prevention. Methods. 2014;66:22e33.

46. Palladino C, Breiteneder H. Peanut allergens. Mol Immunol. 2018;
100:58e70.

47. Leung NYH, Wai CYY, Shu S, et al. Current immunological and
molecular biological perspectives on seafood allergy: a compre-
hensive review. Clin Rev Allergy Immunol. 2014;46:180e197.

48. Langeland T. A clinical and immunological study of allergy to
hen’s egg white. VI. Occurrence of proteins cross-reacting with al-
lergens in hen’s egg white as studied in egg white from Turkey,
duck,goose, seagull, and in hen egg yolk, and hen and chicken
sera and flesh. Allergy. 1983;39:339e412.

49. Pham MN, Wang J. Mammalian milk allergy: a case presentation
and review of prevalence, diagnosis, and treatment. Ann Allerg

Asthma Immunol. 2017;118:406e410.

50. Herian AM, Taylor SL, Bush RK. Identification of soybean aller-
gens by immunoblotting with sera from soy-allergic adults. Int
Arch Allergy Appl Immunol. 1990;92:193e198.

51. Bernhisel-Broadbent J, Sampson HA. Cross-allergenicity in the
legume botanical family in children with food hypersensitivity.
J Allergy Clin Immunol. 1989;83:435e440.

52. Moneret-Vautrin DA, Guerin L, KannyG, et al. Cross-allergenicity
of peanut and lupine: the risk of lupine allergy in patients allergic
to peanut. J Allergy Clin Immunol. 1999;104:883e888.

53. Bingemann TA, Santos CB, Russell AF, et al. Lupin e an emerging
food allergen in the United States. Ann Allerg Asthma Immunol.
2019;122:8e10.

54. Van Ree R. Clinical importance of cross-reactivity in food allergy.
Curr Opin Allergy Clin Immunol. 2004;4:235e240.

55. Blanco C. Latexe fruit syndrome. Curr Allergy Asthma Rep. 2003;3:
47e53.

56. Commins SP, Platts-Mills TA. Delayed anaphylaxis to red meat in
patients with IgE specific to galactoseo-alpha-1,3-galactose
(alpha-gal). Curr Allergy Asthma Rep. 2013;13:72e77.

57. Crispell G, Commins SP, Archer-Hartman SA, et al. Discovery of
alpha-gal-containing antigens in North American tick species
believed to induce red meat allergy. Front Immunol. 2019;10.
Article 1056, 16 pp.

58. Rubio-Tapia A, Murray JA. Gluten-sensitive enteropathy. In:
Metcalfe DD, Sampson HA, Simon RA, eds. Food Allergy: Adverse
Reactions To Foods And Food Additives. 4th ed. Malden MA: Black-
well Publishing; 2008:211e222.

59. Tye-Din JA, Galipeau HJ, Agardh D. Celiac disease: a review of
current concepts in pathogenesis, prevention, and movel
therapies. Front Pediatr. 2018;6(350), 19 pp.

60. Leonard MM, Sapone A, Catassi C, et al. Celiac disease and non-
celiac gluten sensitivity e a review. J Am Med Assoc. 2017;318:
647e658.

61. Camarca A, Auricchio R, Picascia S, et al. Gliadin-reactive T cells
in Italian children from preventCD cohort at high risk of celiac
disease. Pediatr Allergy Immunol. 2017;28:362e369.

62. HoltmeierW, Rowell DL, Nyberg A, et al. Distinct d Tcell receptor
repertoires in monozygotic twins concordant for coeliac disease.
Clin Exp Immunol. 1997;107:148e157.

63. Green PHR, Lebwohl B, Greywoode R. Celiac disease. J Allergy
Clin Immunol. 2015;135:1099e1106.

64. Fasano A, Berti I, Gerarduzzi T, et al. Prevalence of celiac disease
in at-risk and not-at-risk groups in the United States. Arch Intern

Med. 2001;163:286e292.
65. Rubio-Tapia A, Ludvigsson JF, Branter T, et al. The prevalence of

celiac disease in the United States. Am J Gastroenterol. 2012;107:
1538e1544.

66. Ludvigsson JF, Murray JA. Epidemiology of celiac disease.Gastro-
enterol Clin N Am. 2019;48:1le18.

67. Biagi F, Corazzo GR. Mortality in celiac disease. Nat Rev Gastroen-

terol Hepatol. 2010;7:158e162.
68. Meijer JW, Mulder CJ, Goerres MG, et al. Coeliac disease and

(extra)intestinal T-cell lymphomas: definition, diagnosis, and
treatment. Scand J Gastroenterol Suppl. 2004;241:78e84.

69. McGough N, Cummings JH. Coeliac disease: a diverse clinical
syndrome caused by intolerance to wheat, barley, and rye. Proc
Nutr Soc. 2005;64:434e450.

70. Bochner BS, Book W, Busse WW, et al. Workshop report from the
National Institute of Health Task Force on the research needs of
eosinophil-associated diseases (TREAD). J Allergy Clin Immunol.
2012;130:587e596.

71. Chehade M, Jones SM, Pesek RD, et al. Phenotypic characteriza-
tion of eosinophilic esophagitis in a large multicenter patient pop-
ulation from the Consortium for Food Allergy Research. J Allergy
Clin Immunol Pract. 2018;6:1534e1544.

Section C. Clinical Nutrition

29. FOOD ALLERGIES, SENSITIVITIES, AND INTOLERANCES546



72. Yu W, Freedland DM, Nadeau KC. Food allergy: immune mecha-
nisms, diagnosis and immunotherapy. Nat Rev Immunol. 2016;16:
751e765.

73. Dellon ES. Epidemiology of eosinophilic esophagitis.Gastroenterol
Clin N Am. 2014;43:201e218.

74. Sopo SM, Green M, Monaco S, et al. Food protein-induced entero-
colitis syndrome, from practice to theory. Expert Rev Clin Immunol.
2013;9:707e715.

75. Nowak-Wegrzyn A. Food protein-induced enterocolitis syndrome
and allergic proctocolitis. Allergy Asthma Proc. 2015;3:172e184.

76. Katz Y, Goldberg MR, Rajuan N, et al. The prevalence and natural
course of food protein-induced enterocolitis syndrome to cow’s
milk: a large-scale, prospective population study. J Allergy Clin

Immunol. 2011;127:647e653.
77. Ruffner MA, Spergel JM. Non-IgE-mediated food allergy

syndromes. Ann Allerg Asthma Immunol. 2016;117:452e454.
78. Valerii MC, Ricci C, Spisni E, et al. Responses of peripheral blood

mononucleated cells from non-celiac gluten sensitivity patients to
various cereal sources. Food Chem. 2015;176:167e174.

79. Taylor SL, Bush RK, Nordlee JA. Sulfites. In: Metcalfe DD,
Sampson HA, Simon RA, eds. Food Allergy: Adverse Reactions to
Foods and Food Additives. 4th ed. Malden MA: Blackwell Publish-
ing; 2008:353e368.

80. Suarez FL, Savaiano DA. Diet, genetics, and lactose intolerance.
Food Technol. 1997;51(3):74e76.

81. Lack G, Du Toit G. Prevention of food allergy. In: Metcalfe DD,
Sampson HA, Simon RA, eds. Food Allergy: Adverse Reactions to

Foods and Food Additives. 4th ed. Malden MA: Blackwell Publish-
ing; 2008:470e481.

82. Zeiger RS, Heller S. The development and prediction of atopy in
high-risk children: follow-up at seven years in a prospective ran-
domized study of combined maternal and infant food allergy
avoidance. J Allergy Clin Immunol. 1995;95:1179e1190.

83. Kirjavainen PV, Apostolou E, Salminen SJ, et al. New aspects of
probiotics e a novel approach in the management of food
allergy. Allergy. 1999;54:909e915.

84. Businco L, Dreborg S, Einarsson R, et al. Hydrolysed cow’s milk
formulae. Allergenicity and use in treatment and prevention. An
ESPACI position paper. Pediatr Allergy Immunol. 1993;4:101e111.

85. Vandenplas Y, Hauser B, Van den Borre C, et al. The long-term ef-
fect of a partial whey hydrolysate formula on the prophylaxis of
atopic disease. Eur J Pediatr. 1995;154:488e494.

86. Hong X, Wang X. Early life precursors, epigenetics, and the devel-
opment of food allergy. Semin Immunopathol. 2012;34:655e669.

87. Du Toit G, Roberts G, Sayre PH, et al. Randomized trial of peanut
consumption in infants at risk for peanut allergy. N Engl J Med.
2015;372:803e813.

88. Du Toit G, Katz Y, Sasieni P, et al. Early consumption of peanuts in
infancy is associated with a low prevalence of peanut allergy.
J Allergy Clin Immunol. 2008;122:984e991.

89. Fleischer DM, Sicherer S, Greenhawt M, et al. Consensus commu-
nication on early peanut introduction and the prevention of pea-
nut allergy in high-risk infants. J Allergy Clin Immunol. 2015;136:
258e261.

90. Fisher HR, Du Toit G, Bahnson HT, et al. The challenges of pre-
venting food allergy. Lessons from LEAP and EAT. Ann Allerg

Asthma Immunol. 2018;121:313e319.
91. Berin MC, Sampson HA. Food allergy: an enigmatic epidemic.

Trends Immunol. 2013;34:390e397.
92. Koplin JJ, Allen KJ, Tang MLK. Important risk factors for the

development of food allergy and potential options for
prevention. Expert Rev Clin Immunol. 2019;15:147e152.

93. Molloy J, Koplin JJ, Allen KJ, et al. Vitamin D insufficiency in the first
6months of infancy and challenge-proven IgE-mediated food allergy
at 1 year of age: a case-control study. Allergy. 2017;72:1222e1231.

94. Venter C, Brown KR, Maslin K, et al. Maternal dietary intake in
pregnancy and lactation and allergic disease outcomes in
offspring. Pediatr Allergy Immunol. 2017;28:135e143.

95. Zhao W, Ho H, Bunyavanich S. The gut microbiome in food
allergy. Ann Allerg Asthma Immunol. 2019;122:276e282.

96. Papathoma E, Triga M, Fouzas S, et al. Cesarean section delivery
and development of food allergy and atopic dermatitis in early
childhood. Pediatr Allergy Immunol. 2016;27:419e424.

97. Mitselou N, Hallberg J, Stephansson O, et al. Cesarean delivery,
preterm birth, and risk of food allergy: a nationwide Swedish
cohort study of more than 1 million children. J Allergy Clin

Immunol. 2018;142:1510e1514.
98. Jeurink PV, van Esch BCAM, Rijnierse A, et al. Mechanisms un-

derlying immune effects of dietary oligosaccharides. Am J Clin
Nutr. 2013;98:572Se577S.

99. Wang J, SampsonHA. Food anaphylaxis.Clin Exp Allergy. 2007;37:
651e660.

100. Leung DYM, Sampson HA, Yunginger JW, et al. Effect of anti-IgE
therapy in patients with peanut allergy. N Engl J Med. 2003;348:
986e993.

101. Fiocchi A, Artesani MC, Riccardi C, et al. Impact of omalizumab
on food allergy in patients treated for asthma: a real-life study.
J Aller Cl Imm-Pract. 2019;7:1901e1909.

102. Nurmatov U, Dhami S, Arasi S, et al. Allergen immunotherapies
for IgE-mediated food allergy: a systematic review and meta-
analysis. Allergy. 2017;72:1133e1147.

103. Baumert JL, Taylor SL, Koppelman SJ. Quantitative assessment of
the safety benefits associated with increasing clinical peanut
thresholds through immunotherapy. J Allergy Clin Immunol
Pract. 2018;6:457e465.

104. Keet CA, Wood RA. Emerging therapies for food allergy. J Clin
Investig. 2014;124:1880e1886.

105. Garcia-Molina MD, Gimenez MJ, Sanchez-Leon S, et al. Gluten-
free wheat: are we there? Nutrients. 2019;11:487, 13 pp.

106. Taylor SL, Hefle SL, Munoz-Furlong A. Food allergies and avoid-
ance diets. Nutr Today. 1999;34:15e22.

107. Stear GIJ, Horsburgh K, Steinman HA. Lactose intolerance: a
review. Curr Opin Allergy Clin Immunol. 2005;18:114e119.

108. Stukus DR, Mikhail I. Pearls and pitfalls in diagnosing
IgE-mediated food allergy. Curr Allergy Asthma Rep. 2016;16(34),
10 pp.

109. Meyer R, De Koker C, Dzubiak R, et al. Malnutrition in
children with food allergies in the U.K. J Hum Nutr Diet. 2014;27:
227e235.

110. Crevel RWR, Taylor SL, Pfaff S, et al. Managing food allergens:
case histories and how they are handled. In: Madsen CB,
Crevel RWR, Mills C, Taylor SL, eds. Risk Management of Food
Allergy. Oxford, U.K: Elsevier; 2014:167e187.

111. Taylor SL, Baumert JL, Kruizinga AG, et al. Establishment of refer-
ence doses for residues of allergenic foods: report of the VITAL
expert panel. Food Chem Toxicol. 2014;63:7e17.

112. Taylor SL, Hefle SL. Ingredient and labeling issues associatedwith
allergenic foods. Allergy. 2001;56(Suppl. 67):64e69.

113. Allen KJ, Taylor SL. The consequences of precautionary allergen
labeling: safe haven or unjustifiable burden? J Allergy Clin Immu-
nol Pract. 2018;6:400e407.

114. DunnGalvin A, Chan CH, Crevel R, et al. Precautionary allergen
labeling: perspectives from key stakeholder groups. Allergy.
2015;70:1039e1051.

115. Thompson T. The gluten-free labeling rule: what registered dieti-
tian professionals need to know to help clients with gluten-related
disorders. J Acad Nutr Diet. 2015;115:13e16.

116. Catassi C, Fabiani E, Iacono G, et al. A prospective, double-blind,
placebo-controlled trial to establish a safe gluten threshold for
patients with celiac disease. Am J Clin Nutr. 2007;85:160e166.

Section C. Clinical Nutrition

XV. References 547



117. Janatuinen EK, Pikkarainen PH, Kemppainen TA, et al.
A comparison of diets with and without oats in adults with celiac
disease. N Engl J Med. 1995;333:1033e1037.

118. Venter C, Fleischer DM. Diets for diagnosis and management of
food allergy. The role of the dietitian in eosinophilic esophagitis in
adults and children. Ann Allerg Asthma Immunol. 2013;117:468e471.

119. Molina-Infante J, Lucendo AT. Dietary therapy for eosinophilic
esophagitis. J Allergy Clin Immunol. 2018;142:42e47.

120. Taylor SL, Bush RK, Selner JC, et al. Sensitivity to sulfited foods
among sulfite-sensitive asthmatics. J Allergy Clin Immunol. 1988;
81:1159e1167.

Section C. Clinical Nutrition

29. FOOD ALLERGIES, SENSITIVITIES, AND INTOLERANCES548



C H A P T E R

30

NUTRITION AND AUTOIMMUNE
DISEASES

Simin Nikbin Meydani1,*, DVM, PhD
Weimin Guo1, PhD

Sung Nim Han2, PhD, RD
Dayong Wu1,*, MD, PhD

1Nutritional Immunology Laboratory, Jean Mayer USDA Human Nutrition Research Center

on Aging at Tufts University, Boston, MA, United States
2Department of Food and Nutrition, College of Human Ecology, Seoul National University, Seoul, Korea

SUMMARY

Autoimmune diseases are a host of diseases characterized by abnormal immune response against normal
tissues of the body. There are about 100 autoimmune diseases, and they are estimated to affect at least 3%
e5% of population. While the etiology is still unclear, both genetic and environmental factors are
recognized to play key roles in the disease development. Pharmaceutical therapies have substantially
improved the disease control and prognosis. However, the adverse effects and high cost of the drugs limit
their use. There has been an increasing interest in alternative and complementary means to improve the
outcomes of conventional therapies in many autoimmune diseases. Diet as a modifiable factor has the
potential to improve clinical outcomes for several major autoimmune diseases. This chapter provides a
summary and analysis of both observational and experimental studies as well as perspectives on the role
of nutrition in prevention and treatment of some of the most prominent autoimmune diseases.

Keywords: Autoimmune diseases; Inflammatory bowel disease; Inflammatory cytokines; Multiple sclerosis;
Nutrition; Phytochemicals; Polyunsaturated fatty acids; Rheumatoid arthritis; Vitamins.

I. INTRODUCTION

Food not only provides nutrients to maintain an indi-
vidual’s normal development, growth, andphysiological
functions but also significantly impacts risk and prog-
nosis of various diseases, including both infectious and
noninfectious diseases. In this chapter, we will discuss
the role of diet as amodifiable environmental factor in eti-
ology and management of autoimmune diseases.

It has long been known that certain diet components
including both nutrients and nonnutrient phytochemicals
can modulate a variety of immune and inflammatory
events, many of which are key players in pathogenesis
of autoimmune diseases. Thus nutritional intervention
may be a promising approach to prevent and mitigate
autoimmune diseases. Although there are many autoim-
mune diseases, most are rare and/or we have limited
knowledge about their immunopathology. Only three of
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the most common, prototypic autoimmune diseases,
namely, inflammatory bowel disease (IBD), rheumatoid
arthritis (RA), and multiple sclerosis (MS), will be
reviewed in this chapter, for prevalence, etiology, patho-
genesis, evidence for the impact of dietary factors on dis-
ease development, and treatment. We have not included
discussion of other common autoimmune diseases, such
as Graves’ disease, type-1 diabetes, systemic lupus ery-
thematosus, and Sjogren’s disease, because of the limited
information available regarding the impact of nutritional
factors on these diseases. Fig. 30.1 provides an overview
of the autoimmune diseases.

II. AUTOIMMUNE DISEASE

A. Definition

The immune system serves to protect the body against
infection from invading pathological microorganisms,

clear damaged tissues, and monitor for malignant cells.
Coordinated activities of various immune cells in both
the innate and adaptive immune systems are required
for the optimal function of immune system. A func-
tioning immune system can distinguish “foreign” from
“self” because of the “self-tolerance” mechanism of the
immune system. When this self-tolerance mechanism
fails, immune system can be activated in response to
self-antigens in the absence of external assaults or inter-
nal threats. This immune response to self is called auto-
immunity, which can cause damage and dysfunction in
various tissues and organs leading to the corresponding
clinical manifestations collectively called autoimmune
diseases. It is worth pointing out that autoimmune dis-
eases are commonly defined as diseases in which self-
reactive T cells or B cells (antibodies) are the causal fac-
tors or the primary drivers of pathogenesis and do not
include those characterized by excess inflammatory
response of activated innate immune cells without a
clear autoantigen target.

FIGURE 30.1 Overview of autoimmune diseases. There are about 100 autoimmune diseases and they are estimated to affect at least 3%e5% of
population. Women are at 2.7 times greater risk than men in acquiring autoimmune diseases The etiology is still unclear, and both genetic and
environmental factors are recognized to play key roles in the disease development. Themost common autoimmune diseases include inflammatory
bowel disease (IBD), rheumatoid arthritis (RA), multiple sclerosis (MS).
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B. Type and Prevalence

There is nowidely acceptedand/or standard classifica-
tion for autoimmunediseases,which ismainly due to lack
of clear characterization of pathogenesis. Nevertheless,
clinically, it is helpful to divide them into two major cate-
gories: organ-specific and systemic autoimmune diseases,
based onwhether autoimmunity targets a specific organ/
tissueormultipleorgans/tissues.However, this classifica-
tion ismainly based on clinical manifestations rather than
in which tissue autoantigens are expressed. In fact, some
autoantigens may be widely expressed across the body
but clinical impact may be seen in only one organ. Thus
not all autoimmune diseases can be unequivocally classi-
fied by this categorizing system.

Incidence of autoimmune diseases is relatively low.
However, they often result in disability and morbidity.
Further, they are one of the leading causes of morbidity
and mortality in young and middle-aged women and
thus have a significant health and economic impact. There
are no reliable estimates to date for the total number of
autoimmune diseases or the incidence and prevalence
of all or individual diseases. A generally accepted esti-
mate is that there are more than 80,1 or nearly 100,2

distinct autoimmune diseases. The prevalence of total dis-
eases is estimated to be 3%e5%, which is primarily based
on the results from two large epidemiological surveys:
one in the United States that included 24 autoimmune
diseases3 and the other in Denmark that included 31 auto-
immune diseases.4 This estimate was later supported by
an updated comprehensive review.1 The prevalence of in-
dividual diseases varies greatly ranging from rare to com-
mon. Given the lack of information for many of the less
common conditions, this estimate is believed to be conser-
vative. There is a clear sex bias in the disease burden, and
overall, for majority of autoimmune diseases, women are
at 2.7 times greater risk than men in acquiring autoim-
mune diseases.1,3,5,6

C. Etiology

The exact causes of autoimmune diseases are un-
known. The current view is that development involves
multiple factors including genetic predisposition and
environmental impact (Fig. 30.1). The evidence for the
role of genetic factor is from epidemiological studies
showing that in contrast to the low frequency of most
autoimmune diseases in the general population (0.0%
e1.0%), the first-degree relatives of the patients exhibit
about five times higher prevalence, and the concordance
of an autoimmune disease in monozygotic twins can
be as high as 20%e30%.7 While some rare monogenic
hereditary autoimmune diseases do exist, multiple
genetic factors contribute to development of the major-
ity of autoimmune diseases,2 including polymorphisms,
single-nucleotide polymorphisms, and epigenetic modi-
fications.7 Despite the key role of genetic predisposition,

the fact that even identical twins exhibit only partial
concordance highlights the importance of external fac-
tors such as environment, lifestyle, diet, and infection.
These modifiable external factors have thus become tar-
gets for developing preventive and therapeutic strate-
gies against autoimmune diseases. In this chapter, we
will discuss the role of nutritional interventions
including use of nutrients, nonnutrient phytochemicals,
and other dietary components in prevention and treat-
ment of autoimmune diseases.

D. Immunopathology

Autoimmune diseases are clinical manifestations of
autoimmunity; however, autoimmunity may not neces-
sarily develop into autoimmune disease. Despite the
rapid development and significant progress, the com-
plex immunopathology involved in initiation and pro-
gression of autoimmune diseases is not completely
understood. While there is heterogeneity in autoim-
mune mechanisms among different diseases, in general,
they are primarily attributed to disorders of the adaptive
immune responses. A brief description of the current
view regarding immunopathogenesis of autoimmune
diseases is provided to help the readers to better under-
stand the results of nutritional intervention studies and
underlying mechanisms. Several previous publications
provide a comprehensive review of the topic.7e10

From the immunological perspective, the fundamental
cause of autoimmune diseases is loss of self-tolerance.
For this to happen, autoreactive lymphocytes must
escape elimination by the body’s central tolerance mech-
anisms (mainly in thymus) and travel to the periphery
where these cells encounter specific autoantigens.
Further, the peripheral tolerance mechanisms (in second-
ary lymphoid organs and/or sites of inflammation) also
fail in stopping activation of autoreactive lymphocytes
and their mounting of specific response against
autoantigen-bearing cells, leading to tissue damage.

Clinical symptoms of most autoimmune diseases are
due to the responses of autoantibodies and autoreactive
effector T cells against autoantigens. Activated effector
T cells release proinflammatory cytokines, which can in
turn activate innate immune cells (such as macrophages
and neutrophils) as well as nonhematopoietic cells
(such as endothelial cells and fibroblasts) to induce the
production of more cytokines. Autoreactive CD4þ cells,
or helper T (Th) cells, also help autoreactive B cells in
autoantibody production. In addition, these Th cells can
activate autoreactive CD8þ cytotoxic T (Tc) cells. Both au-
toantibodies and autoreactive effector T cells as well as
the released cytokines attack cells that express auto-
antigens leading to inflammation and damage of the
target as well as the surrounding cells. Antigen-specific
lymphocyte activation occurs only when T cells form an
immune synapse with antigen-presenting cells (APCs,
mainly dendritic cells [DCs]) through antigens expressed
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on the surface of APCs. Thus, reactivity of APC also plays
an important role in autoimmunity development.

CD4þ T cells are the primary player in initiation and
progression of autoimmune diseases. In particular,
several distinct Th cell subpopulations are recognized
to play specific roles in autoimmunity (Fig. 30.2). These
CD4þ T cells are critical for host defense against diverse
pathogens (both intracellular and extracellular) mainly
via activation of B cells and also cells in the innate im-
mune system. However, CD4þ T cells can also drive
development of major T cellemediated autoimmune dis-
eases. Th1 (producing interferon-g [IFN-g], tumor necro-
sis factor-a [TNF-a], interleukin [IL]-2) and Th17
(producing IL-17, IL-21, IL-22) cells are prominent proin-
flammatory CD4þ T cells and considered main drivers
for major autoimmune diseases. Th9 cells (producing
IL-9) may also play a similar role. On the other hand, a

distinct Th subset called regulatory T cells (Tregs) help
maintain self-tolerance and control autoimmune re-
sponses. Tregs are identified as CD4þCD25þ T cells
expressing transcription factor Foxp3 and producing
antiinflammatory cytokines IL-10 and transforming
growth factor-b (TGF-b). While the role of Th2 in autoim-
munity is not well characterized, they are shown to
antagonize Th1 differentiation and to ameliorate some
autoimmune diseases. As will be discussed later in this
chapter, nutritional intervention can improve autoim-
mune diseases bymodulating differentiation and effector
functions of these T cell subsets. Fig. 30.2 illustrates the
primary subtypes of CD4 T cells, regulatory proteins,
and transcription factors that drive their differentiation,
the key cytokines produced by them, and their main roles
in immunity. Major functions of cytokines involved in
autoimmunity are summarized in Table 30.1.

FIGURE 30.2 CD4þ T cell subset differentiation and effector function. After engaging with specific antigens presented by antigen presenting
cells (APCs), naive CD4þ T cells are activated and differentiate into subsets including Th1, Th2, Th9, Th17, and Treg cells under appropriate
cytokine milieu (shown in blue print). The differentiation process is controlled by the corresponding regulatory network mainly composed of
specific signal transducers (shown in black print inside cells) and downstream transcription factors (shown in white print in cell nuclei). These
CD4þ T cell subsets produce distinct sets of cytokines (shown in red print) that contribute to adaptive immunity including the clearance of
pathogens, development of inflammation, regulation of autoimmunity, maintenance of immune homeostasis, and immune responses again tumors.
CD4þ T cell subsets interact with each other at their differentiation stage as well as in their functional stage. Foxp3, forkhead box protein 3; IFN,
interferon; IL, interleukin; IRF4, interferon regulatory factor 4; PU.1, transcription factor PU.1; RORgt, retinoic acid receptor-erelated orphan re-
ceptor gamma t; STAT, signal transducers and activators of transcription; T-bet, T-box protein expressed in Tcells; TGF, transforming growth factor
beta; Th, helper T cell; TNF, tumor necrosis factor; Treg, regulatory T cell.
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III. NUTRITIONAL INTERVENTION
IN MAJOR AUTOIMMUNE DISEASES

Development in pharmaceutical therapies against
autoimmune diseases has provided specific immuno-
suppressive synthetic drugs or biologicals resulting in
improved disease prognosis. However, the adverse ef-
fects and high cost of these drugs make them beyond
the reach of many patients. Thus, there has been an
increasing interest in alternative and complementary
means in conjunction with conventional therapies. Diet
as a modifiable factor has received attention based on
the findings from both observational and experimental
studies. Epidemiologic studies on the relationship be-
tween diet pattern/nutrient intake and prevalence of
certain autoimmune diseases have revealed some inter-
esting associations. Experimental studies have demon-
strated that a variety of diet components favorably
modulate the immune and inflammatory responses
involved in the pathogenesis of autoimmune diseases
(the effects of nutrition intervention on MS, RA, and
IBD are summarized on Table 30.2). Furthermore,
some of these nutritional agents are found to improve
disease symptoms and tissue pathology in various ani-
mal models and to a limited extent in clinical trials.
These results, discussed in detail below, suggest that di-
etary intervention might be helpful in both prevention
and treatment of autoimmune disease.

A. Multiple Sclerosis

General information about MS

MS is a chronic, autoimmune neuroinflammatory dis-
ease of the central nervous system (CNS). Estimated
prevalence of MS is more than 400,000 in the United
States11 and more than 2.5 millions worldwide, and the
incidence is anticipated to continue to increase.12 MS is
more common in Europe, North America, Australia,
and New Zealand than the other countries and is rare
in Asia.13 MS mainly affects people aged 20e40 years
with higher prevalence in women,14 and it is one of the
leading causes of disability in young adults.15 Clinical
presentations of MS vary widely, but commonly include
fatigue, depression and anxiety, spasticity and incoordi-
nation, chronic pain, cognitive impairment, bladder and
bowel dysfunction, visual and speech impairments, sen-
sory disturbance, sexual dysfunction, and impaired
mobility. The hallmark pathophysiological characters of
MS are demyelination, axonal/neuronal damage, and
gliosis in the brain and spinal cord.16e18 Clinical symp-
toms and course of MS are heterogeneous and are
believed to correlate with the site lesion pathology.19

About 85% of patients initially show a relapsing-
remitting pattern, but eventually 80% of them go on to

TABLE 30.1 Major functions of cytokines involved in
autoimmunity.

Cytokines Major functions

IL-1b Promotes progression of autoimmune diseases by
inducing proinflammatory molecules and promoting
expansion of Th1/Th17 cells.

IL-2 Prevents autoimmune diseases partially by inhibiting
naı̈ve CD4þ T cell differentiation into Th17
lymphocytes and promoting differentiation of certain
immature T cells into Treg cells.

IL-4 Induces Th2 differentiation; suppresses IL-1 and TNF
production.

IL-5 Stimulates B cell growth and increases
immunoglobulin secretion (primarily IgA); activates
eosinophil.

IL-6 Stimulates inflammatory and autoimmune processes;
inhibits TGF-b-induced Treg differentiation and
promotes Th17 cell differentiation; stimulates
differentiation of activated B cells into
immunoglobulin (Ig)-producing plasma cells.

IL-8 Recruits neutrophils, NK cells, T cells, basophils, and
eosinophils to lesion site; stimulates neutrophil to a
higher activation state.

IL-9 Stimulates proliferation of CD8þ Tcells and mast cells;
promotes Th2 cell differentiation and enhances Th17
cell survival.

IL-10 Induces tolerance and maintenance of immunological
homeostasis; inhibits IFN-g secretion and monocytes/
macrophages activation.

IL-12 Promotes Th1 cell differentiation; activates NK cells;
supports DC maturation; stimulates IFN-g and TNF-a
production.

IL-17 Induces proinflammatory cytokines, chemokines, and
metalloproteases.

IL-18 Induces IFN-g in presence of IL-12; enhances NK cell
cytotoxicity.

IL-21 Promotes Th2 and Th17 cell differentiation and inhibits
Th1 and Treg cell development; induces maturation
and enhances cytotoxicity of CD8þ T cells and NK
cells; stimulates B cell differentiation into plasma cells
and production of immunoglobulins.

IL-22 Promotes inflammatory tissue pathology; regulates
cell regeneration, tissue remodeling, and wound
healing.

IL-23 Stimulates IL-17 production; enhances T cell
proliferation; activates NK cells.

TGF-b Suppresses immune response and Treg differentiation.

IFN-g Activates macrophages; promotes inflammation;
induces Th1 differentiation.

TNF-a Promotes inflammatory tissue pathology; induces
other proinflammatory cytokines, metalloproteinases,
and free radicals.

Note: IL, interleukin; TGF-b, transforming growth factor-b; IFN-g, interferon-g;

TNF-a, tumor necrosis factor-a; Treg, regulatory T cell.

Section C. Clinical Nutrition

III. Nutritional Intervention in Major Autoimmune Diseases 553



TABLE 30.2 Effects of nutrition intervention on multiple sclerosis, rheumatoid arthritis, and inflammatory bowel disease.

MS RA IBD

Human Animal Human Animal Human Animal

Diet Mediterranean
diet

Limited data N/A Reduced disease
activity

N/A No data available N/A

Green tea No data available Delayed disease onset
Improved symptoms

Limited data Limited data Limited data Limited data

n-3 PUFA Insufficient
evidence

Delayed disease onset
Reduced disease scores

Improved symptoms Limited data Insufficient
evidence

Ameliorated IBD
symptoms

Vitamins Vitamin D Not consistent
results

Improved symptoms Reduced disease
activity

Improved clinical
indexes

Insufficient
evidence

Ameliorated IBD
symptoms

Vitamin E Limited data Limited data Improved symptoms Prevented joint
destruction

No data available No data available

Vitamin K No data available No data available Reduced disease
activity

Limited data No data available No data available

Minerals Calcium Limited data Limited data Limited data Limited data No data available Limited data

Zinc No data available No data available Insufficient evidence No data available Limited data No data available

Selenium No data available No data available Limited data Limited data No data available No data available

Phytochemicals Catechins No data available Delayed disease onset
Improved symptoms

No data available No data available Limited data Ameliorated IBD
symptoms

Curcumin Limited data Ameliorated EAE
symptoms

Not consistent results Limited data Insufficient
evidence

Limited data

Resveratrol No data available Delayed disease onset Improved symptoms Limited data Limited data Limited data

Hesperidin
Hesperetin

No data available Reduced the incidence
Delayed disease onset
Improved symptoms

No data available Improved clinical
indexes

No data available No data available

Tannins No data available No data available No data available Delayed RA
development

No data available No data available

Quercetin No data available No data available Improved symptoms Limited data No data available Ameliorated IBD
symptoms

Note: MS, multiple sclerosis; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; N/A, not applicable.
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develop secondary progressiveMS; aminority of patients
are diagnosed as primary progressive MS.14

The etiology of MS remains elusive. As with many
other autoimmune diseases, it is believed to be multifac-
torial. It may involve dysregulated immune responses
influenced by and interacted with genetic, environ-
mental, and behavioral factors.MS cases appear to cluster
within families, and MS risk among the first-degree rela-
tives of MS patients is 10e50 times higher than the gen-
eral population.20 A genome-wide association analysis
in MS patients versus healthy controls has identified 48
MS risk variants,21 and genes coding for molecules of
immunological relevance, or controlling neurobiological
pathways are shown to be related to MS incidence.22

However, genetic factor alone is estimated to account
for only 25% of the lifetime risk of developing MS,12

and epidemiological studies have suggested that various
environmental factors have great contribution to the dis-
ease susceptibility. For example, viral infection including
EpsteineBarr virus, human endogenous retroviruses,
measles and the related canine distemper virus, and hu-
man herpesvirus,23 cigarette smoking,24 and nutritional
factors including vitamin D deficit,25,26 increased salt
intake,27 and obesity28 are all shown to be associated
with MS prevalence.

Interaction of genetic and environmental factors is also
important in impacting susceptibility to MS. Environ-
mental signals may affect gene expression by inducing
epigenetic changes29; modification in DNA methylation
is associated with pathogenesis of MS30 and T cell pro-
file.31 Studies also showed involvement of microRNA in
MS pathogenesis.32 For example, miR-141 and miR-200a
were upregulated in relapsing phase of MS patients
compared to remitting and control groups.33 The brain
of active MS patients had upregulated miR-34a, miR-
155, andmiR-326, whichmight mediatemacrophage acti-
vation leading to active lesions.34

The pathogenesis of MS involves autoreactive myelin-
specific T cells orchestrating with B cells and innate im-
mune cells to cause demyelination and consequent neu-
rodegeneration in the CNS. Our knowledge regarding
the immunopathological mechanisms of MS is mostly
established through studies in animal models, in partic-
ular the experimental autoimmune encephalomyelitis
(EAE), the best defined and highly reproducible rodent
model for humanMS. EAE is typically induced by immu-
nizing animals with emulsified CNS antigens (myelin
components). Antigen-specific T cells (mainly Th1 and
Th17) generated in the draining lymph nodes enter circu-
lation and eventually cross the bloodebrain barrier to
cause inflammatory damage in the CNS. Th1 and Th17
cells are the main drivers, while Treg cells provide con-
trol; macrophages, neutrophils, and microglia are pri-
mary innate immune cells involved; many cytokines

serve as regulators or effectors. Although there are differ-
ences between EAE and MS, many of the CNS pathol-
ogies observed in EAE mice are similar to those found
in the CNS of MS patients.35,36

MS cannot be cured and the disease management
mainly depends on immunomodulatory drug therapies
that are developed largely based on studies in animal
models. These therapies are usually designed to either
broadly suppress immune response or selectively target
single molecules or pathways in the immune system.
Although the pharmaceutical therapies have improved
the disease control, they have limited efficacy, in partic-
ular during the progressive phase, and often introduce
significant side effects.

Role of nutrition and dietary factors and underlying
mechanisms

Evidence from observational studies; Early epidemiological
studies indicated diet as a modifiable environmental fac-
tor for MS prevention and management.37 Diet-related
MS risk factors proposed include low vitamin D, high
fat/saturated fatty acids, childhood obesity, and diet-
related dysbiosis.

Since the link between vitamin D and MS was first
proposed about 45 years ago,38 low vitamin D intake
and low exposure to sunlight (major source of vitamin
D synthesis) have been shown to be associated with
high MS risk and disease activity.39 Serum vitamin D
levels are typically lower in MS patients than in the
healthy controls,40,41 and seasonal variation of serum
vitamin D levels are inversely associated with clinical
disease activity in MS patients.42 In addition, early expo-
sure to low vitamin D status during childhood43 or even
in utero44,45 may increase MS risk in later life.

Intake of total fat and fat types have long been known
to be a factor influencing MS development. Early studies
by Swank et al. revealed that MS incidence may be
related to consumption of saturated fats of animal sour-
ces such as those from dairy and meat.37,46 Similar obser-
vation was reported by Arganoff and Goldberg who
reported that vegetables, nuts, and fish intakes were asso-
ciated with reduced risk of MS.47 High energy intake
from fat, in particular saturated fat, increased MS risk
while fruit and vegetable intake is protective in both
adult48 and pediatric patients.49 Impact of polyunsatu-
rated fatty acids (PUFAs) intake on MS incidence is not
very clear. The Nurses’ Health Study I (92,422 women,
1980e94) and theNurses’ Health Study II (95,389women,
1991e95) that documented 195 new cases ofMS found no
significant relations between intakes of total fat or specific
types of fat andMS risk, except for a trend toward inverse
correlation between a-linolenic acid (ALA) intake and
MS risk.50 Extended follow-up of these studies
(1980e2004 for Study I and 1991e2009 for Study II) that
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identified 479 incident MS cases found that MS risk had
inverse relationship with total PUFA and ALA intake,
but not other specific types of PUFA.51

Dietary pattern analysis in relationship toMS has also
been conducted, including evaluation of Mediterra-
nean,52 Paleolithic (no dairy and grains),53 and McDou-
gall diets (low fat vegetarian),54 as well as various diet
indices based on diet quality defined by researchers as
“prudent,” such as the Alternative Healthy Eating
Index-2010, Alternate Mediterranean Diet, and Dietary
Approaches to Stop Hypertension, relative to “Western”
style diets.55e57 However, the information in this regard
is limited and inconsistent with no particular diet
pattern confirmed to have clear benefit for preventing
or improving MS.

Evidence from intervention studies; Based on epidemio-
logic results, and to a larger extent based on the informa-
tion about the nutrients and food components that are
known to have immunomodulatory, antiinflammatory,
neuroprotective, and antioxidant properties, nutritional
intervention trials have been conducted using a variety
of nutrients in both animal models and MS patients.

Given the inverse association between vitamin D sta-
tus and MS risk reported in epidemiologic studies,
together with vitamin D’s immunomodulatory function,
in particular the suppressive effect on adaptive immune
responses and antigen-presenting process, vitamin D
supplementation in MS patients has been strongly rec-
ommended. Indeed, a number of studies using the
EAE, a rodent model for MS, have reported that dietary
vitamin D improves disease symptoms and tissue pa-
thology, and this protective effect is associated with
reduced development of pathogenic Th158,59 and
Th1760,61 cells, and suppressed Tregs differentiation,60

as well as appropriate changes in cytokines and tran-
scription factors that regulate Tcell activation and differ-
entiation. Modulatory effect of vitamin D on effector
CD4þ T cells, leading to protection against EAE, may
be in part mediated by its effect on DCs.62 However,
translational value of these results is questionable. Clin-
ical trials in humans with vitamin D alone or together
with other agents thus far have not provided consistent
evidence to support the findings from animal
models.63,64 This uncertainty calls for further studies
with better design taking particular consideration of
range of doses used, baseline conditions such as nutri-
tion and vitamin D status, and genetic and epigenetic
heterogeneity. It is worth adding that caution should
be taken in using higher doses of vitamin D because a
recent case report showed worse outcomes in an MS pa-
tient who had taken 50,000 IU/day vitamin D for several
months (<6) and had serum 25-hydroxy vitamin D3
above the upper limit of detection with routine labora-
tory tests (>160 ng/mL or 400 nmol/L).65

High saturated fat and n-6/n-3 PUFA ratio intakes,
typically found in the Western diets, are considered
risk factors for MS, which may partly explain the higher
MS prevalence in Western countries. N-3 PUFA (ALA,
eicosapentaenoic acid [EPA], docosahexaenoic acid
[DHA]) and some n-6 PUFA (g-linolenic acid, dihomo-
g-linolenic acid) have antiinflammatory effect and
thus, theoretically, may play a protective role in MS.
Moderate improvement of MS symptoms was reported
in the patients receiving 1 year of low-fat diet together
with increased fish intake or olive oil alone.66 An animal
study showed that mice fed DHA for 4 weeks before
EAE induction had delayed EAE onset and reduced dis-
ease scores.67 However, overall results from clinical tri-
als thus far are insufficient to suggest a significant
impact of changing the intake of n-3 or n-6 PUFA on
MS patients.68

Avariety of nonnutrient bioactive dietary components
of plant origin (phytochemicals) with favorable effects on
the immune and inflammatory responses of MS patho-
genesis have been studied. Oral administration (diet or
drinking water) of green tea and its catechins, in partic-
ular epigallocatechin-3-gallate (EGCG), has been shown
to be protective in EAE mouse model as indicated by
delayed disease onset, improved symptoms, and attenu-
ated pathology in brain and spinal cord. These effects
were accompanied by suppressed responses of patholog-
ical T cells and production of proinflammatory
cytokines.69e71 Mechanistic investigation revealed that
the EGCG effect on EAE mainly involves its immunomo-
dulating and antiinflammatory effects such as inhibiting
differentiation of naive CD4þ T cells into Th1, Th9, and
Th17 subsets via respective regulatory network,
enhancing Treg development and switching Th17/Treg
balance toward favoring Treg by inhibiting IL-6
signaling, and production of inflammatory cytokines.71,72

Information for use of EGCG inMS patients is limited
(two studies identified). In a randomized-controlled trial
(RCT) with crossover design, 18 patients with relapsing-
remitting MS received EGCG (600 mg/d) and placebo
for 12 week with a 4 week washout in between. The au-
thors reported that EGCG improved muscle metabolism
during moderate exercise but did not report neurolog-
ical and immunological outcomes.73 Another study
was a combined phase I (single group) and phase II (ran-
domized, placebo-controlled) trials to determine safety
and neuroprotective effect of a green tea extract contain-
ing 50% EGCG.74 In this study, MS patients received
800 mg EGCG/d for 6 mo. In the phase I study, 10 par-
ticipants were enrolled and completed all assessments
with no serious side effects; the phase II study using a
new batch but the same source of EGCG supplement
in 12 patients was halted due to high frequency (5/7)
of elevated serum liver enzyme concentrations for
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unknown reason. The outcomes from these two human
studies cannot validate or dispute the findings reported
in animal studies using EAE models, and thus, the
benefit of using EGCG in MS patients is yet to be deter-
mined. However, future trials should pay particular
attention to possible side effects.

Curcumin, a principal component of the dietary spice
turmeric, is suggested to have a protective effect for
several autoimmune diseases including MS. Studies
have shown the efficacy of curcumin in EAE treatment,
which is thought to be mediated through its modulation
of both innate and adaptive immune cell functions as
well as the APC function that bridges innate and adap-
tive immunity.75e78 As with EGCG, few human clinical
trials have been conducted. In a placebo-controlled trial,
MS patients who received nanoparticulated curcumin
for 6 months had lower peripheral blood mononuclear
cell (PBMC) mRNA expression for inflammatory cyto-
kines and chemokines, transcription factors (nuclear fac-
tor-kB [NF-kB], activator protein 1 [AP-1], STAT1,
STAT5), inflammatory miRNAs (miR-145, miR-132,
miR-16), and an improved clinical status as determined
with the Expanded Disability Status Scale.79 Reduced
frequency of Th17 cells and expression levels of IL-17
were also observed in these curcumin-treated patients.80

Resveratrol is a polyphenolic compound found in at
least more than 70 plant species; it is particularly
enriched in fresh grape skin. The first evidence
implying the potential protective effect of resveratrol
came from an animal study using EAE model that
showed that oral gavage of resveratrol decreased clin-
ical symptoms and inflammation in spinal cord,
decreased serum levels of proinflammatory cytokines
and chemokines.81 In a study using the remitting-
relapsing EAE model, oral gavage of SRT501, a
pharmaceutical-grade formulation of resveratrol, from
day 8 or 10 postimmunization (1 day prior to or after
disease onset) to day 14 (peak of disease) attenuated
neuronal damage in spinal cords but had no effect on
EAE onset and symptom up to day 14; SRT501 reduced
symptom during later remission (days 20e25) but did
not prevent subsequent onset of remission (day 30).82

Using the progressive EAE model, the same group
found that both resveratrol and SRT501 delayed the
onset of EAE by several days, prevented neuronal
loss, and delayed visual decline in EAE mice but did
not affect spinal cord inflammation, T cells number in
the periphery and CNS, and % CD4þ and CD8þ
Tcells in the spinal cord and spleen.83 In contrast, using
the same EAE model, Imler and Petro showed that di-
etary resveratrol improved EAE symptom and also
differentially affected production of IL-17, IFN-g, and
TNF-a by spleen cells.84 These conflicting results may
be related to different experimental protocols used in
the two studies. Compared to the study by Fonseca-
Kelly et al., Imler and Pedro used the purified form of

resveratrol in diet, started the feeding earlier (right af-
ter immunization), and lasted longer (to day 56 postim-
munization). In addition to immunomodulating and
neuroprotective effects that may be involved in the
resveratrol effect on EAE, resveratrol intraperitoneally
injected to EAE mice has been shown to attenuate dis-
ease by protecting bloodebrain barrier integrity, which
in turn was associated with maintained expression of
tight junction proteins and reduced expression of adhe-
sion molecules.85 Using a less common, copper chelator
cuprizoneeinduced EAE mouse model, Ghaiad et al.
found that resveratrol attenuated the impairment in
balance and locomotor coordination, reversed cuprizone-
induced demyelination, improved brain mitochondrial
function, and reduced cuprizone-induced oxidative
stress and inflammation.86 Thus far, there are no reports
from human studies using resveratrol alone.

Several citrus-derived flavonoids (naringin/naringe-
nin, hesperidin/hesperitin, apigenin, diosmetin, nobile-
tin, auraptene) have been shown to have beneficial effect
against inflammation and inflammatory diseases.87e90

Oral or subcutaneous administration of hesperidin in
mice inhibited EAE development and inflammation in
CNS, increased IL-10 and TGF-b, decreased IL-1b, IL-6,
TNF-a, and IL-17 production, and reduced Th17 cells,
but increased Treg cells in the spleen and lymph
nodes.91,92 Dietary naringenin reduced the incidence,
delayed the onset, and attenuated the symptoms of
EAE, together with reduced immune cell infiltration
and demyelination in the spinal cord. Proinflammatory
Th1, Th9, and Th17 cells as well as their respective tran-
scription factors were reduced in both CNS and lymph
nodes of EAE mice.93 A further mechanistic study re-
ported that naringenin inhibited CD4þ T cell prolifera-
tion and differentiation to Th1 and Th17 via altering
expression of their respective regulatory proteins.94

Studies reviewed above suggest that EGCG, resvera-
trol, curcumin, and naranginin have efficacy in amelio-
rating EAE symptoms and pathology. This is
consistent with, and explained by, their favorable modu-
latory effects on immune and inflammatory processes
involved in EAE development. Additional benefit of
these phytochemicals is their neuroprotective effect,
which is important because current MS drugs target im-
mune and inflammatory dysregulations, but does little
to prevent permanent neurological damages. The find-
ings from animal studies, however, have not been repro-
duced in humans. There are several reasons that
contribute to this discrepancy. First, animals and
humans have different genetic backgrounds. Further-
more, bioavailability, metabolism, and doseeresponse
pattern of these phytochemicals are not the same in an-
imals and humans. More importantly, although several
EAEmodels mimic individual aspects and immunologic
mechanisms in MS pathogenesis, none completely
exhibit the spectrum of pathological and clinical features

Section C. Clinical Nutrition

III. Nutritional Intervention in Major Autoimmune Diseases 557



of MS seen in humans. This may explain while several
drugs have shown efficacy in animals, few have been
developed for human use. Phytochemicals are relatively
safe, easy to obtain, and inexpensive and thus should be
further studied for their use in humans on their own or
as a complement to conventional therapies.

B. Rheumatoid Arthritis

General information about RA

RA is one of the most prevalent chronic autoimmune
diseases with an estimated prevalence of 0.5%e1% in
the general population, more commonly occurring in
women than in men (2e3:1).95,96 Although RA primarily
involves the joints, it is in fact considered a systemic
autoimmune disease, or a syndrome, because it has
extraarticular manifestations in various tissues and or-
gan systems such as the skin, eyes, lungs, heart, blood
vessels, and kidneys.96,97 RA is a debilitating disease
that severely impairs quality of life and is burden to
both individuals and those who care for them.98

RA is believed to develop in the individuals possess-
ing high-risk genetic background in combination with
exposure to certain environmental factors resulting in
epigenomic modifications favorable to RA pathogenesis.
12%e15%monozygotic twins share RA, and first-degree
relatives of RA patients have several folds higher risk
relative to general population.99 The most important ge-
netic factor for RA risk is the shared susceptibility epi-
topes coded by specific class II human leukocyte
antigen (also known as MHC-II) loci.100 Genome-wide
association studies have identified more than 100 loci
associated with RA risk and most of them involve im-
mune mechanisms.101 Several epigenetic mechanisms
are implicated in RA including DNA methylation, his-
tone modification, and microRNA expression.102 Envi-
ronmental factors for RA risk include smoking, dust
inhalation, mucosal microbes, high salt intake, low
serum vitamin D concentrations, and obesity.95,103

Increasing evidence has also pointed to the involvement
of altered gut microbiota, or dysbiosis, in RA pathogen-
esis and development.104,105

Consistent with the findings mentioned above, path-
ogenesis is mainly driven by immune dysregulation. RA
is characterized by persistent inflammation of the syno-
vial membrane (synovitis), which involves activation of
macrophage-like synovial fibroblasts (synoviocytes),
and infiltration of T cells, B cells, macrophages, neutro-
phils, and mast cells into synovial compartments. These
cells produce soluble mediator/effector molecules such
as cytokines, chemokines, matrix metalloproteinases, ei-
cosanoids, and autoantibodies. Antibodies against Fc
portion of IgG (rheumatoid factors), and citrullinated
peptides (ACPAs), the hallmarks of RA, are found in
blood of 80%e90% RA patients.102 The presence of these
autoantibodies in blood (serapositivity) is associated

with severity in symptoms, joint damage, and mortality,
and their concentrations decrease with effective ther-
apy.96 These findings highlight the key role of
autoantibody-producing B cells in RA pathogenesis. In
contrast, the role of T cells in RA has long been debated.
The differentiation state of CD4þ Tcells in RA is not well
defined. The role of Th17 cells is strongly supported in
animal RA models but not consistently confirmed in hu-
man studies, which may explain why IL-17etargetting
therapy has been disappointing.

As with many other autoimmune diseases, currently
RA is not curable; however, development in diagnostic
and therapeutic strategies in the past two decades,
achieving the goal of remission or low disease activity
to avoid joint damage, has become possible in many pa-
tients. The current treatment of RA primarily involves
use of general immunosuppressants, inhibitors for cyto-
kines and their receptors (particularly IL-6 and TNF-a),
and inhibitors for specific signaling pathways (such as
Janus kinase). These drugs have significant side effects
and are expensive, which limits their broad utilization
by RA patients.

Role of nutrition and dietary factors and underlying
mechanisms

Evidence from observational studies; Diet and nutrition
have long been known to impact RA initiation and pro-
gression. Studies have shown that severity of RA pro-
cess adversely affects nutritional status. The nutritional
status of the patients also impacts disease severity. For
instances, malnourished RA patients had more active
disease than those without malnutrition.106 Earlier
observational studies reported that RA patients have
low serum concentrations of albumin, prealbumin,
transferrin, zinc, and folic acid.107e109 Trace minerals
such as zinc and selenium may be protective in RA as
the mean hair zinc content,110 and serum selenium
levels111,112 were significantly lower in RA patients
compared to the healthy controls.111,112 Furthermore,
both cross-sectional and longitudinal studies showed
that lower selenium levels in RA patients were
associated with the clinical disease activity.113 RA
patients are recommended to receive dietary education
and consume adequate amount of calcium, folic acid,
vitamin E, zinc, and selenium.114

Dietarypatternandcertain foodsare suggested toaffect
RA. Consumption of fruits, vegetables, olive oil, and oil-
rich fish is shown to be associated with reduced risk of
RA onset.115 A large population-based case-control study
reported an inverse correlation between the Mediterra-
nean diet and RA risk among men,116 but this correlation
was not observed in women.117 In patients with estab-
lished disease, there was no association between severity
of disease and high dietary quality, i.e., high intake of
fish, shellfish, whole grains, fruits, and vegetables, and
low intake of sausages and sweets. However, high dietary
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quality was significantly related to reduction in plasma
levels of inflammation biomarker C-reactive protein
(CRP).118 A systematic review of prospective human
studies119 indicated beneficial effect of Mediterranean
diet including reduced pain and increased physical func-
tion in RA patient. Monounsaturated fatty acids in the
Mediterranean diet are suggested to be the key factor
contributing to reduced disease activity in RA patients.120

Overall, the evidence for a role of dietary pattern in RA
development is limited and supported with only a small
number of observational studies.

N-3 PUFAs have antiinflammatory and immunomo-
dulating properties, which may underlie their suggested
beneficial effects in RA.121e123 EPA levels in both serum
and erythrocytes of RA patients were found to be signif-
icantly lower compared to healthy controls.124,125

Consumption of oily fish, the main source of n-3 long-
chain PUFAs in human diet, was associated with a
modest decrease in risk of developing RA.126 Daily con-
sumption of more than 0.21 g n-3 PUFAs was found to
be associated with a 35% reduction in risk of developing
RA in middle-aged and older women from the Swedish
Mammography Cohort, a population-based prospective
study.127 A cross-sectional analysis showed that
compared to those who never ate fish or had fish less
than once a month, the RA patients consuming fish �2
times/week had a significantly lower disease activity
score.128 In a prospective study in 727 patients with early
RA, higher intake of dietary vitamin D and n-3 PUFAs
during the year preceding initiation of conventional
drug therapy was associated with better treatment re-
sults,129 and dietary intake of n-3 PUFAs was inversely
associated with unacceptable pain among methotrexate-
treated early RA patients.130

Accumulating evidence indicates that vitamin D, a
fat-soluble vitamin able to regulate calcium/phosphate
metabolism and immune function, may affect RA path-
ogenesis. Lower serum vitamin D levels in 50 Indian RA
patients relative to the healthy controls were shown to
correlate with disease activity.131 Low vitamin D levels
in newly diagnosed RA patients not receiving any RA
drugs were associated with reduced response to treat-
ment and increased disease activity.132 Several meta-
analysis studies consistently reported low serum
vitamin D level in RA patients and its inverse associa-
tion with disease activity.133e135 A study evaluating
vitamin D status in 1413 RA patients from 15 countries
showed that low blood vitamin D level was common
in RA patients in different countries and at different lat-
itudes.136 Low vitamin D intakeeassociated elevation in
RA risk is supported by a meta-analysis involving three
cohort studies with 215,757 participants, 874 cases of
RA, and follow-up period of 11, 12, and 22 years, respec-
tively.134 However, it should be pointed out that it is not
clear at this time whether the low serum vitamin D sta-
tus seen in RA patients is a cause or consequence of RA.

Thus, further investigation, in particular, clinical trials of
adequate size is needed before benefit of additional
vitamin D intake for RA patients is confirmed.

Other vitamins are suggested to impact RA risk. For
example, a prospective cohort study in 29,368 women
aged 55e69 years old found that higher intake of
vitamin C, vitamin E, and zinc was inversely correlated
with RA development.137 Together, these studies sug-
gest that intake of antioxidant micronutrients may be
protective against RA development.

Evidence from intervention studies; Prospective studies
have been conducted to determine the role of nutrients,
food, food components, and dietary patterns in RA
prevention and management. Studies have shown that
dietary intervention may be effective in relieving
symptoms and mitigating disease progression in RA
patients.138e141 In a small Swedish cohort study, stable
or modestly active RA patients who consumed Mediter-
ranean diet for 3 months showed significant reduction in
disease activity and serum CRP levels compared to pa-
tients who continued their regular diet.142

Beneficial effect of n-3 PUFAs on RA disease activity
has been investigated in several clinical trials. For
example, in an RCT, patients with active RA who
received daily fish oil containing 1000 mg EPA and
1500 mg DHA for 12 week showed reduction in disease
symptoms and blood CRP levels.143 In a cross-over RCT
with 10 week intervention/10 week washout period, RA
patients who received daily 2.1 g DHA supplementation
had a significant decline in number of tender and
swollen joints.144 In another RCT, patients with recent
onset RA who received fish oil containing 5.5 g
EPA þ DHA/day for 1 year exhibited decrease in failure
rate of conventional therapy (combination of antirheu-
matic drugs) as well as increased disease remission.145

Fruits and vegetables contain high levels of phyto-
chemicals that have antiinflammatory properties.146 A
recent RCT reported that female RA patients who
consumed daily 500 mL of low-calorie cranberry juice
containing 150 mg vitamin C, 131.92 mg proanthocyani-
dins, 258.75 mg total phenolics, and 0.30 mg folic acid
for 90 days had reduced disease activity compared to
those who did not.147 In an animal study, oral adminis-
tration of tannins prepared from apples delayed RA
development in a mouse RA model.148

Dietary polyphenols, which have antiinflammatory
and antioxidant properties, have been shown to have
anti-RA activity via reduced production of cytokines,
chemokines, and osteoclastogenic factors and inhibition
of activation of transcription factors such as MAP ki-
nase, c-Fos, and NFkB in the in vitro cell culture and an-
imal models.149

Fibroblast-like synoviocytes (FLSs) are the predomi-
nant cell type comprising the structure of the synovial
intima in healthy human synovium. In inflamed
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rheumatoid synovium, activated FLS plays a key role in
RA pathogenesis by producing cytokines that perpet-
uate inflammation and proteases that degrade the carti-
lage matrix promoting joint destruction. Synovial
hyperplasia is a consequence of an increased prolifera-
tion and impaired apoptosis of FLS in RA. In vitro
studies have shown that resveratrol may have beneficial
effects on RA because it has been shown to induce
apoptosis of FLS isolated from RA patients as well as
MH7A cells, a human RA synovial cell line.150,151 A
recent RCT reported that RA patients who consumed
daily 1 g resveratrol with conventional treatment for
3 months had significantly reduced disease activity
and improved biochemical markers compared to those
who received conventional treatment alone152

IL-17, a predominant cytokine of Th17 cells with
osteoclastogenic activity, induces production of destruc-
tive cytokines (such as MIF, TNF-a, and RANKL). In the
pathogenesis of RA, TNF-a promotes synovitis and
stimulates cartilage and bone breakdown by stimulating
production of proinflammatory mediators like prosta-
glandin E2 (PGE2) and IL-1b. Quercetin, a dietary poly-
phenol found in vegetables and fruits such as onions,
kale, apples, and berries, inhibited LPS-induced TNF-a
secretion from macrophage cell line, RAW 264.7 cells.153

Quercetin also suppressed Th17 differentiation and IL-
17 production in cultured PBMCs and inhibited IL-17e
induced RANKL mRNA and protein expression in
cultured FLS from RA patients.154 In an RCT conducted
in female RA patients, quercetin supplementation
(500 mg/day) for 8 weeks significantly alleviated clin-
ical symptoms including early morning stiffness, morn-
ing pain, and after-activity pain.155

Since vitamin D deficiency (defined as plasma 25-
hydroxy vitamin D < 75 nmol/L) is common in RA
patients, studies have investigated if correction of defi-
ciency would improve RA. A study showed that admin-
istration of a single oral high dose (300,000 IU) of
vitamin D3, followed by daily dose of 800e1000 IU for
6 months, could effectively correct low vitamin D status
in RA patients.156 In a randomized open-label trial,
administration of 60,000 IU vitamin D for 6 weeks fol-
lowed by 3 months of 60,000 IU vitamin D once a month
significantly increased serum vitamin D levels and
decreased disease activity.157 It is worth noting that
vitamin D supplementation may not always prevent
vitamin D deficiency, and vitamin D deficiency may still
be found in RA patients who regularly take vitamin D
supplementation. A study reported that among 318 pa-
tients who consumed daily supplements �800 IU of
vitamin D, 28% patients did not reach adequate levels
of vitamin D. Furthermore, vitamin D supplementation
is often ineffective in RA patients with more severe dis-
ease.158 A study in 1,191 RA patients and 1,019 control
subjects (not on vitamin D supplement) from 22 Italian
rheumatology centers showed that one-third of total 557
RA patients who received vitamin D supplements were

still vitamin D deficient.159 These studies suggest that in
addition to optimizing vitamin D supplement dosage,
other factors, such as sun exposure and BMI, which are
well-established risk factors for vitamin D deficiency,
should be considered when correcting deficient vitamin
D status in RA patients.

Although several studies demonstrated beneficial ef-
fects of vitamin D on RA, the potential role of vitamin D
supplementation in preventing RA or as a component of
RA treatment is controversial. Daily supplementation
for 5.1 years with 1,000 mg calcium plus daily low
dose vitamin D3 was not effective in reducing the risk
of developing RA in an RCT that included 32,435 post-
menopausal women. Further, both solar irradiance and
dietary vitamin D intake may be associated with
increased RA incidence.160 These results underscore
the necessity of further studies for characterizing the
role of vitamin D in RA as well as optimizing and
personalizing supplementation strategies.

Pain is a common symptom experienced by RA pa-
tients, which is caused by inflammatory or noninflam-
matory factors. In an open-labeled randomized trial,
supplementation with 1,25-(OH)2D3 for 8 weeks in
recently diagnosed RA patient receiving conventional
therapy drugs produced additional pain relief.161 In
another study, this pain-relieving effect of vitamin D
was only observed in the RA patients who had low
serum vitamin D levels before supplementation162; simi-
larly, significant reduction of Health Assessment Ques-
tionnaire score was only observed in the RA patients
who had low before supplementation serum vitamin D
levels (<20 ng/mL).163

Vitamin E, a potent antioxidant with antiinflamma-
tory properties, has been suggested to have anti-RA po-
tential. Rats with experimental RA treated with vitamin
E for 6 weeks had significantly lower serum levels of
PGE2 and nitric oxide164 compared to those that were
untreated. Further, supplementation with glucosamine
plus vitamin E had a synergistic effect against RA symp-
toms in rats.165 Vitamin E treatment in transgenic mouse
model of RA, which spontaneously develops polyarthri-
tis that is similar to the human RA, prevented joint
destruction.166 Supplementation with vitamin E plus
fish oil in a mouse model of RA significantly decreased
the levels of IL-6, IL-10, IL-12, and TNF-a compared to
fish oil alone.167 RA patients receiving 600 mg vitamin
E twice a day for 12 weeks had a pain reduction.168 In
addition, lower inflammation was observed in patients
with active RA after combined supplementation with
linoleic acid and vitamin E.169,170

Vitamin K has been suggested to have antiinflamma-
tory activity and its potential benefit in RA has been
tested. Vitamin K1 (phylloquinone) treatment is not
effective in improving clinical symptoms and biochem-
ical indices of RA patients.171e173 However, vitamin K2
(menaquinone-4, MK-4) was reported to inhibit FLS pro-
liferation and also induce apoptosis,174 indicating that
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vitamin K2 could be potentially used for RA treatment.
In a cross-sectional study, RA patients treated with
MK-7, an MK with greater bioavailability than MK-4,
exhibited a significant decrease in serum inflammatory
markers and disease activity score.175 These studies sug-
gest that therapeutic potential of vitamin K worths
further investigation.

C. Inflammatory Bowel Diseases

General information about IBD

IBD, primarily Crohn’s disease (CD) and ulcerative
colitis (UC), is a chronic and relapsing inflammatory dis-
order that affects gastrointestinal tract. The prevalence
of IBD is highest in developed Western countries
including North America, Europe, and Australia. There
are approximately 1.6 million US residents with IBD,
including 785,000 with CD and 910,000 with UC.176

Mean hospitalization rates for IBD from 2010 to 2015
in the United States, Europe, and Australia were 33.9,
72.9, and 31.5 per 100,000 individuals, respectively.177

The incidence of IBD is increasing in Asia. Annual inci-
dence of CD was 0.05 cases per 100,000 person-years in
1986e1990 and increased to 1.34 per 100,000 person-
years in 2001e2005 in a population-based study from
South Korea. In the ACCESS cohort, the highest inci-
dence of IBD was in India at 9.3 cases per 100,000
person-years and the incidence of IBD within China
ranged from 0.05 to 3.14 per 100,000 person-years.178

CD and UC share some similarities and also have
distinct clinical and pathological features. In CD, inflam-
mation is discontinuous and affects all layers of the
bowel wall while UC involves the large intestine begin-
ning in the rectum and affects first two layers of the in-
testinal wall.179 Although IBD is not only an
autoimmune disease, some autoantibodies were com-
mon in IBD patients and all autoimmune diseases except
for thyroiditis were more prevalent among IBD patients
compared with the non-IBD controls in Israel. Possible
explanations suggested for association between IBD
and autoimmune diseases were underlying genetic fac-
tors predisposing patients for both IBD and autoim-
mune diseases, autoimmunity triggered by IBD-related
inflammation and increased permeability, and use of
immunomodulatory medications.180

Etiologies of IBD are not clear, but both genetic sus-
ceptibility and environmental factors play a role in
development and pathogenesis of the disease. IBD
seems to result from an inappropriate immune response
to the host gut microbiome in a genetically susceptible
individuals. Therefore, a balance between the effector
and regulatory cells, composition of the microbiome,
integrity of the intestinal barrier, and environmental fac-
tors that affect microbiome and immune responses play
important roles in IBD pathogenesis.181 Genetic factors

implicated in susceptibility to CD are those related to
innate immune system pattern recognition receptors,
differentiation of Th17 cells, autophagy, maintenance
of epithelial barrier integrity, and the orchestration of
the secondary immune responses.182

Environmental factors are believed to have a signifi-
cant influence on the development of IBD. Cigarette
smoking increases the risk of developing CD possibly
by affecting intestinal microbiota. Dietary factors are
associated with IBD, and a diet high in animal fat and
low in fruits and vegetables is the dietary pattern associ-
ated with an increased risk of IBD. Low serum vitamin D
level appears to be a risk factor for IBD. Use of medica-
tions such as antibiotics, oral contraceptives, and nonste-
roidal antiinflammatory drugs is associated with
increased IBD risk.178,183

Both innate and acquired immune systems play
important roles in IBD. Defects in innate immune sys-
tem, overly aggressive activity of effector lymphocytes
and proinflammatory cytokines, and failure of regulato-
ry mechanisms could contribute to the pathogenesis of
IBD. Inability to recognize bacterial products results in
defective intestinal innate immune response and could
lead to increased risk of CD development. Mutations
in the NOD2 gene are a risk factor for CD; the risk for
CD increases by 2- to 4-fold with one pathologic allele
and by 15- to 40-fold with two pathologic allele. NOD2
recognizes the lysosomal breakdown product of bacteria
peptidoglycan and activates innate immune system and
induces autophagy.179,184 Exaggerated T cell response is
seen in both CD and UC; however, the two show differ-
ences in T cell response pattern. In CD, excessive Th1
and Th17 responses due to the production of IL-12, IL-
18, IL-23, and TGF-b by APC and macrophages are
observed. In fact, animals deficient in IL-12 p40 subunit
and IL-23 are resistant to the induction of colitis. In UC,
inflammation is secondary to Th2 cytokine profile and
increased production of IL-5 is observed. Tregs can sup-
press the inflammation driven by Th17 cells and control
innate inflammatory mechanisms.181

Role of nutrition and dietary factors in IBD and
underlying mechanisms

Evidence from observational studies; Vitamin D status
shows strong association with IBD risk and disease ac-
tivity. In the Nurses’ Health Study, 72,719 women were
followed from 1986 through 2008 during which 122
cases of CD and 123 cases of UCwere diagnosed. Higher
vitamin D prediction score, which was developed from
diet and lifestyle assessment and validated against
circulating 25(OH)D, was associated with reduced risk
of CD. The median predicted 25(OH)D level was
22.3 ng/mL in the lowest and 32.2 ng/mL in the highest
quartiles, and the multivariate-adjusted hazard ratio
associated with the highest quartile of vitamin D for
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CD was 0.54 (95% confidence interval [CI], 0.30e0.99)
compared with the lowest quartile.185 In a
retrospective study that included 504 IBD patients (403
CD and 101 UC patients), 49.8% of patients were
vitamin D deficient and deficiency was associated with
greater disease activity and lower health-related
quality of life.186

In a meta-analysis byMozaffari et al.,187 association of
fish consumption and dietary intake of n-3 PUFAs with
the risk of IBD was investigated using ten observational
studies (four prospective and six caseecontrol). Total
sample size of 282,610 participants with 2002 cases of
IBD (1061 CD and 937 UC) were included. A negative as-
sociation between fish consumption and the risk of CD
(pooled effect size: 0.54, 95% CI: 0.31e0.96, P ¼ .03)
was found. A significant inverse association between di-
etary long-chain n-3 PUFAs and the risk of UC (pooled
effect size: 0.75, 95% CI: 0.57e0.98, P ¼ .03) was
observed. However, no association was found between
total dietary n-3 PUFAs or ALA intake with IBD.

Evidence from intervention studies; Dietary interventions
to reduce relapse and disease activity in IBD patients
have used different strategies/targets including promo-
tion of favorable gut microbiota, decrease in intestinal
permeability and intestinal epithelial injury, and reduc-
tion of inflammation. Dietary interventions tested for
their efficacy against IBD include specific carbohydrate
diet, low-FODMAP (fermentable oligosaccharides, di-
saccharides, monosaccharides, and polyols) diet,
gluten-free diet, antiinflammatory diet, immunoglob-
ulin-G4-guided exclusion diet, high-fiber diet, low-resi-
due diet, semivegetarian diet, Mediterranean diet, and
paleolithic diet. Dietary supplements investigated for
benefits in IBD patients are curcumin, glutamine, n-3
fatty acids, vitamin D, prebiotics, and probiotics. The ef-
fects of these dietary interventions and nutrition supple-
mentations on pathogenesis and treatment of IBD have
been reviewed in several recent articles.183,188e190

Vitamin D exerts diverse effects on immune system.
Vitamin D activates innate immune system by inducing
monocyteproliferationand theexpressionof IL-1andcath-
elicidin bymacrophages. VitaminDdecreasesDCmatura-
tion and IL-12 production while inducing the production
of IL-10. Further, vitamin D decreases the production of
IL-2, IL-17, and IFN-g, attenuates proliferation of CD4þ
and CD8þ Tcells, and promotes the development of Treg
cells and IL-10eproducing type 1 Treg cells.191 All these
vitamin Deinduced changes have the potential to impact
IBD development and pathogenesis. In humanmonocytes
and epithelial cells, vitamin D stimulated the expression
of NOD2/CARD15/IBD1 genes and proteins, providing
the molecular basis for the role of vitamin D deficiency
in pathogenesis of CD.192 In a mouse model, proper
vitamin D receptor (VDR) signaling was critical for the

innate immune response during experimental IBD and
vitamin supplementation improved colitis.193,194 When
IL-10 knockout mice were fed vitamin Dedeficient diet,
they rapidly developed diarrhea and a wasting disease
and exhibited 58% mortality. On the other hand, those
fed the vitamin Desufficient diet or provided with
1,25(OH)2D3 supplementation showed significantly
ameliorated IBD symptoms and no mortality was
observed.193 In dextran sulfate sodiumeinduced IBD
model, VDR knockout mice showed shorter colon length,
greater weight loss, and higher histology scores and mor-
tality compared with the wild-type mice.194 VDR seemed
to play a critical role in mucosal barrier homeostasis by
preserving the integrity of intercellular junctions and heal-
ing capacity of colonic epithelium.195 Proper balance be-
tween Tregs and Th17 cells is important for the control
of inflammation in IBD. Impaired delivery of IL-15 to
CD4þ Tcells in the colon downmodulated Foxp3 expres-
sion and enhanced RORgt expression, which resulted in
rapid triggering of IBD characterized by enhanced pro-
duction of proinfiammatory cytokines (IFN-g and IL-6)
and accumulation of Th1/Th17 cells in mice.196 Foxp3
gene expression was promoted by vitamin D in CD4þ
T cells isolated from human PBMCs through direct VDR
binding to the vitamin D response element within Foxp3
gene and the enhancement of the Foxp3 promoter
activity.197

However, there are few RCTs in which clinical bene-
fits of vitamin D have been demonstrated. In a random-
ized controlled study, 94 CD patients received either
daily placebo or 1,200 IU vitamin D for 12 months.
Serum vitamin D levels increased significantly with sup-
plementation, and the relapse rate tended to be lower
(P ¼ .06) among patients treated with vitamin D3 (6/46
or 13%) compared with patients treated with placebo.198

In a small study with 18 mild-to-moderate CD patients,
24 weeks of supplementation with up to 5,000 IU/
d vitamin D3 effectively raised serum 25(OH)D3 levels
and reduced the unadjusted mean CD activity index
scores. Quality-of-life scores also improved following
vitamin D supplementation.199

N-3 fatty acids can exert antiinflammatory actions by
various mechanisms including inhibition of leukocyte
chemotaxis, production of lipid mediators with less bio-
logical potency, inhibition of inflammatory cytokine pro-
duction, alteration in activation of transcription factors
(activation of PPAR-g and reduced activation of NF-
kB), and decrease in T cell reactivity (inhibition of T
cell proliferation and decreased IL-2 production).200

Despite strong mechanistic associations including anti-
inflammatory properties and epidemiological data, clin-
ical trials of n-3 fatty acids in IBD patients have
produced mixed results, showing some beneficial ef-
fects, but failing to demonstrate a protective effect in
preventing clinical relapse. These trials have been
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reviewed by several investigators.201,202 Cabré et al.202

evaluated omega-3 PUFA as therapeutic agents in IBD
patients from the total of 19 RCTs. They concluded
that available data do not allow recommendation to
use omega-3 PUFA supplementation for treatment of
either active or inactive IBD. However, authors pointed
out several issues that might have influenced the out-
comes of the RCTs: (1) doses of omega-3 PUFA used
were too low to elicit therapeutic effects, (2) dietary n-
6 to n-3 ratio, or plasma, red blood cell, or gut mucosal
fatty acid profiles were not monitored, (3) different n-3
formulations had different pharmacokinetic characteris-
tics, and (4) the choice of placebo was not optimal. Olive
oil, oleic acid, or medium chain triglyceride were used in
some studies, and these were reported to attenuate in-
testinal inflammation.

IV. CONCLUSIONS AND
PERSPECTIVES

A normally functioning immune system can distin-
guish “foreign” from “self.” “Self-tolerance” prohibits
an individual’s immune system from attacking normal
tissues of the body. When this self-tolerance mechanism
fails, immune system can be activated in response to
self-antigens in the absence of external assaults or inter-
nal threats. This host-directed immune response is
called autoimmunity, which can cause damage and
dysfunction in various tissues and organs leading to
the corresponding clinical manifestations collectively
called autoimmune diseases.

Incidence of autoimmune diseases is relatively low.
However, they often result in disability and morbidity.
Further, they are one of the leading causes of mortality
in young and middle-aged women and thus have a sig-
nificant health and economic impact. About 100
different types of autoimmune diseases have been iden-
tified, although not all may fit all of the criteria set for
autoimmune disorders.

Nutrition can impact regulation of the immune system
and thus prevalence and pathogenesis of autoimmune
diseases. Information related to impact of nutrition on
autoimmune diseases is somewhat limited. Nutrition
intervention experiments, whether preclinical or clinical,
have focused on few of the 100 different autoimmune dis-
eases. The results, thus far, are encouraging and show ef-
ficacy of specific nutrients or dietary patterns on reducing
pathogenesis and clinical symptoms of some of the auto-
immune diseases, e.g., vitamin D and IBD, green tea cat-
echins and MS, or n-3 PUFA and RA. Majority of
evidence, thus far, has been obtained using experimental
animal models. Further investigation including clinical
trials of adequate size and duration are needed to firmly
establish the value of nutritional intervention in reducing

the risk and pathogenesis of these autoimmune diseases.
In addition, the role of nutrition in pathogenesis of other
autoimmune diseases needs to be explored. A hindrance
to this effort is lack of a complete understanding of etiol-
ogy and underlying mechanism of pathogenesis of
several of these autoimmune disorders, which makes se-
lection of appropriate nutritional intervention difficult.
Thus, more investigation is needed to better understand
etiology and pathogenesis of several autoimmune dis-
eases before nutrition intervention can be attempted.
Finally, understanding the mechanism of those nutri-
tional interventions that have been successful is needed.
This information will help determine the most efficient
preventive and therapeutic nutritional approach for spe-
cific autoimmune diseases.
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SUMMARY

Malnutrition is common in hospitalized patients and is associated with adverse clinical outcomes. A
variety of factors commonly present in hospital patients contribute to proteineenergy malnutrition and
loss of essential vitamins, minerals, and electrolytes. Assessment of nutritional status requires compre-
hensive evaluation and integration of medical and surgical history, current clinical and fluid status, di-
etary intake patterns, body weight changes, gastrointestinal (GI) symptoms, physical examination, and
selected biochemical tests. Current guidelines suggest that goals for caloric intake between 20 and
25 kcal/kg/day and protein/amino acids between 1.2 and 2.0 g/kg/day are appropriate for most adult
hospital patients. Adequate vitamins, minerals, electrolytes, essential amino acids, and essential fatty acids
must be provided based on recommended allowances for healthy individuals; however, true requirements
in subtypes of hospital patients are unknown. The GI (enteral) route should be the first choice for
specialized feeding in the hospital setting, with parenteral nutrition modalities, via peripheral or central
vein, reserved for those patients in whom adequate enteral nutrition is not possible. Metabolic, infectious,
and mechanical complications can occur with both enteral and parenteral feeding modalities and can be
prevented or reduced with careful monitoring and adherence to current standards of practice. Relatively
few rigorous, randomized controlled clinical trials have been conducted within the field of specialized
feeding in the hospital setting, and many areas of uncertainty remain.

Keywords: Enteral nutrition; Malnutrition; Nutritional assessment; Parenteral nutrition.

I. INTRODUCTION

The incidence and prevalence of malnutrition, which
includes significant loss of lean body mass and/or
depletion of essential vitamins and minerals, are quite
high in hospitalized patients.1e7 Based on various obser-
vational studies of total hospital admissions and in
intensive care unit (ICU) settings, malnutrition (deple-
tion of essential micronutrients and/or loss of signifi-
cant lean body mass or body weight) may occur in
20% to as high as 60% of patients.4,8e12 Further, the inci-
dence of malnutrition worsens over time in patients
requiring prolonged hospitalization, in part due to inad-
equate ad libitum food intake and repeated catabolic

insults.9,13e15 Proteineenergy malnutrition prior to and
inadequate nutritional intake during hospitalization
are each associated with higher rates of morbidity and
mortality.12,15e18 The importance of adequate macronu-
trient and micronutrient intake for optimal cellular, im-
mune, and organ function is outlined elsewhere in this
book. In highly catabolic ICU patients, proteineenergy
depletion has been associated with higher rates of
hospital-acquired infection, poor wound healing, and
skeletal muscle weakness.3,6,12,16,18 Multiple pathophysi-
ologic factors common in hospital patients put these
individuals at risk for generalized proteineenergy
malnu-trition and/or micronutrient depletion19 (see
Box 31.1). The specialized enteral and parenteral nutrition
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(PN) support modalities that are currently available and
that are the subject of this chapter have been developed
to support vital cell and organ functions, muscle capacity,
and wound healing. Both enteral nutrition (EN) and PN
formulations provide fluid, calories (as various carbohy-
drate, protein/amino acid, and fat sources), essential
amino acids and fats, electrolytes, vitamins, andminerals,
as outlined below.

II. NUTRITIONAL ASSESSMENT

Important aspects of comprehensive nutritional
assessment, which involves integration of multiple fac-
tors, are outlined in Box 31.2.19 There is currently no
“gold standard” for nutritional assessment in hospital pa-
tients. For example, blood concentrations of albumin and
prealbumin, which may be useful in outpatient or epide-
miologic settings, may be markedly decreased by inflam-
mation, infection, decreased hepatic synthesis, and/or
increased clearance from blood in hospital settings.
Levels of these proteins in plasma may also be increased
during fluid depletion or decreased with fluid overload.
Blood concentrations of specific vitamins and minerals,
as with blood electrolytes, are useful to follow in certain
at-risk patients, but the possibility of changes due to fluid
status and interorgan shifts necessitate serial monitoring
to guide repletion strategies. Body weight often changes
dramatically due to fluid status alterations.

A method to assess nutritional status, termed “Subjec-
tive Global Assessment” (SGA), has been validated as a
way to assess nutritional status and to predict clinical

outcomes in stable patients without marked fluid
shifts.20,21 The SGA incorporates patient history regarding
body weight loss, usual dietary intake, functional capac-
ity, GI symptoms, and physical-examination evidence of
malnutrition (loss of muscle or fat mass, presence of
edema) to classify patients as well nourished, moderately
or suspected of being malnourished, or severely mal-
nourished.20,21 In Europe, a method of nutritional risk
screening (NRS) is commonly utilized in hospital settings,
which involves scoring risk based on body mass index
(BMI), decrease in percent of usual food intake, body
weight changes, age, and whether or not the patient is
severely ill.22,23 However, NRS is not yet validated for
its use for ICU patients.3 The NUTRIC (Nutrition Risk
in Critically Ill) and modified NUTRIC scores are nutri-
tional risk assessment tools developed and validated spe-
cifically for ICU patients; patients with high scores may
benefit the most from advanced nutritional supplementa-
tion, based on data to date.24e26 The NUTRIC score and
modified NUTRIC score rapidly assess nutritional state
based on illness severity, age, and comorbidities, with or
without interleukin-6 concentrations in blood as a score
parameter.24,25 The American Society for Parenteral and
Enteral Nutrition (ASPEN) and the Academy of Nutrition
and Dietetics have also recommended a standardized,
etiological set of diagnostic criteria be used to identify
and document adult malnutrition in routine clinical prac-
tice.26 Patient are diagnosed as malnourished when at
least two of the following six criteria are met: inadequate
dietary intake; recent weight loss; muscle loss; subcutane-
ous fat loss; present of localized or generalized edema;
and weaken hand grip strength.

B O X 3 1 . 1

Major pathophysiologic factors that contribute to malnutrition in hospital patients

• Decreased spontaneous food intake prior to or during hospitalization (e.g., due to anorexia, fatigue,
gastrointestinal (GI) symptoms, NPO status).

• Increased concentrations of catabolic hormones and cytokines (e.g., cortisol, catecholamines, tumor
necrosis factor-a, interleukins).

• Decreased blood concentrations of anabolic hormones (e.g., insulin-like growth factor I, testosterone).
• Resistance to anabolic hormones with consequent decreased substrate utilization (e.g., insulin

resistance).
• Abnormal nutrient losses (e.g., wounds, drainage tubes, renal replacement therapy, diarrhea, emesis,

polyuria).
• Decreased protein synthesis due to physical inactivity (e.g., bed rest, pharmacological paralysis).
• Drugenutrient interactions (e.g., diuretics, pressor effects, corticosteroids).
• Increased energy, protein, and/or specific micronutrient requirements (e.g., with infection, trauma,

oxidative stress).
• Iatrogenic factors related to prolonged periods of inadequate enteral or parenteral nutrient provision in

relation to metabolic requirements.

NPO, nil per os (enteral food restriction due to diagnostic tests or therapeutic procedures).
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In recent years, various new technologies have been
available and utilized to assess body composition to
potentially provide unique methods to characterize
ongoing nutrition status by providing real-time informa-
tion on the adequacy of nutrition interventions.26e28 The
most commonly available clinical technologies for
assessment of body composition include bioelectrical
impedance analysis, computed tomography, dual-
energy X-ray absorptiometry, andmusculoskeletal ultra-
sound. Unfortunately, the utilization of these tools is
limited by cost and accessibility, as well as standardized
approaches to interpret results. With constant develop-
ment of technologies, more clinical studies are needed
to validate use in hospitalized patients. More details
regarding methods of hospital-based comprehensive
nutritional assessment are available.19

III. NUTRIENT INTAKE GOALS

Guidelines for energy and protein/amino acid intake
in adult hospital patients have been outlined by
nutrition-related professional societies.3,6,27e29 Specific
approaches for pediatric patients are beyond the scope
of this chapter but have been recently published.30,31 It
is important to note that energy (calorie) needs in hospi-
talized patients, especially those who are critically ill,
may vary considerably due to serial changes in clinical
conditions.3,6,29e31 Optimal caloric and protein/amino
acid requirements in hospital patients are unknown
due to a relative lack of rigorous, randomized,
controlled clinical trials, necessitating the use of clinical
judgment and clinical practice guidelines.3,6,30e32

Resting energy expenditure (REE) can be estimated
using bedside metabolic cart measurements (indirect
calorimetry), but technical issues can cause
inaccuracies.6,33 REE can be estimated using standard
predictive equations, most commonly the Harrise
Benedict equation, which incorporates the patient age,
sex, weight, and height.6,19,33,34 Unfortunately, this
method may over- or underestimate REE in certain pa-
tients when clinical conditions are changing and/or
with body weight changes due to changes in fluid
status.19,33 Recently published European and American
Clinical Practice Guidelines suggest that an adequate en-
ergy goal for most patients can be estimated at
20e25 kcal/kg/day (using the most recent prehospital
clinic body weight), which is approximately equivalent
to measured or estimated REE � 1.0e1.2. Ongoing ran-
domized controlled trials (RCTs) are designed to better
define caloric dosing guidelines in ICU patients, as data
are particularly conflicting in this clinical care setting.
Prehospital and preoperative body weight should be
used in energy intake estimates because measured
body weight in the hospital (especially in the ICU) may
reflect fluid status and is typically much higher than
recent “dry” weight. An alternative is to use ideal body
weight derived from routine tables or equations if recent
dry weight is unavailable. In obese subjects, adjusted
body weight should be used in the HarriseBenedict
equation.19 Published ASPEN guidelines recommend
that in obese patients, caloric goals should start with
hypocaloric feeds at 50%e70% of estimated REE
(or <14 kcal/kg actual weight), and the recommended
protein/amino acid dose may be started with 1.2 g/kg
actual weight or 2e2.5 g/kg ideal body weight.31

B O X 3 1 . 2

Important steps in nutritional assessment of hospitalized patients

• Review past medical and surgical history, tempo of current illness, and expected hospital course.
• Determine dietary intake pattern and history of use of specialized nutrition support.
• Obtain body weight history.
• Perform physical examination with attention to fluid status, organ functions, and evidence of

proteineenergy malnutrition or lesions consistent with vitamin and/or mineral deficiency.
• Evaluate GI tract function to evaluate ability to tolerate enteral feeding.
• Determine ambulatory capacity and mental status.
• Measure or evaluate standard blood tests (organ function indices, electrolytes, pH, triglycerides, and

selected vitamins and minerals if at risk for depletion).
• Estimate current calorie and protein requirements.
• Evaluate options for enteral and parenteral access for nutrient delivery.

Patients with involuntary body weight loss of >5%e10% of usual body weight in the previous several
weeks or months, patients weighing less than 90% of their ideal body weight, or those with a BMI less
than 18.5 kg/m2 should be carefully evaluated for malnutrition.
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Studies conducted in the 1980s in ICU patients indi-
cate that protein intake of more than 2.0 g/kg/day are
not efficiently utilized for protein synthesis and the
excess is oxidized and contributes to azotemia.35,36 The
commonly recommended protein/amino acid dose
range is 1.2e1.5 g/kg/day for most individuals with
normal renal and hepatic function (50%e100% above
the RDA of 0.8 g/kg/day); although, some guidelines
recommend higher doses (up to 2.0e2.5 g/kg/day) in
specific conditions such as burns and in patients
requiring renal replacement therapy.3,6,19,30 The admin-
istered protein/amino acid dose should be adjusted
downward depending on the degree and tempo of
azotemia (in the absence of renal replacement therapy).
Patients with evidence of acute liver failure and enceph-
alopathy are at risk for amino acideinduced increases in
arterial blood ammonia concentrations. In such patients,
it may be prudent to provide lower doses of EN/PN
protein/amino acids (0.6e1.2 g/kg/day), based on the
degree of liver dysfunction. Dietary protein restriction
is not currently recommended in stable patients with
chronic liver failure.

IV. ENTERAL NUTRITION SUPPORT

Whenever possible, EN in hospital patients should
consist of oral diets with regular foods as tolerated, sup-
plemented as indicated with the wide variety of commer-
cially available flavored oral liquid formulations or solid
nutrienterich products. Most hospital patients should
also receive a complete multivitaminemineral product
to cover needs, although this recommendation is not
evidence-based. Enteral tube feeding is the preferred
route of nutritional delivery for patients who have a func-
tional GI tract but are unable to maintain adequate
nutrient intake with voluntary oral intake. The current
Society for Critical Care Medicine (SCCM) and ASPEN
guideline recommends starting early EN (within
24e48 h) in ICU patients who cannot tolerate adequate
oral intake.6

EN is more physiologic, associated with less severe in-
fectious, metabolic, and mechanical complications, and
less costly than PN.6,15,37 Specific indications for EN in
adults and children are described in clinical practice
guidelines.15,19,26e30 Although not evidence-based, com-
mon contraindications to EN include inability to gain ac-
cess to the GI tract, intestinal obstruction, intractable
vomiting, severe diarrhea, diffuse peritonitis, paralytic
ileus, bowel ischemia, and hemodynamic instability
requiring mid- to high-dose vasopressors.3,15,16,19

EN administrationmust be individualized to each pa-
tient’s specific needs. In order to determine the appro-
priate EN delivery method, GI tract integrity and
functional capacity, presence and degree of malnutrition,

underlying disease states, and patient tolerance must be
assessed prior to and following the initiation of tube
feeding. GI, mechanical, and metabolic complications,
as well as pulmonary aspiration of feeds, can occur
with enteral tube feeding. It is therefore essential to
monitor enterally fed patients closely in order to identify
complications.38

A. Routes for Enteral Tube Feeding

Successful enteral tube feeding is in part dependent
upon selection of the appropriate enteral access device
and placement technique. Understanding the indica-
tions, contraindications, advantages, and disadvantages
of each different access device for enteral feedings will
allow clinicians to select the best delivery method for pa-
tients. Commercially available feeding tubes vary in ma-
terials and diameters (5e24 French). Small-bore tubes
(5e12 French) are usually made of polyurethane, sili-
cone, or a mixture of the two, whereas large-bore tubes
(�14 French) are usually made of polyvinyl, which is a
stiffer material.39,40 Compared with small-bore tubes,
the large-bore tubes are more uncomfortable for pa-
tients, but they are less prone to clog.41 In addition,
large-bore tubes are easier to use for aspirating gastric
contents than small-bore tubes due to their larger diam-
eters. The tubes are typically classified according to
insertion site (nasal, oral, percutaneous) and location
of the terminal end of the enteral device (stomach, duo-
denum, proximal small bowel) (Table 31.1). Orogastric
and nasogastric tubes are large-bore tubes, which are
commonly placed at bedside. Oroenteral and nasoen-
teral tubes may be inserted blindly at the bedside by
experienced personnel or with the assistance of endos-
copy, fluoroscopy, radiology, or with bedside devices
such as ultrasound, carbon dioxide sensor, and electro-
magnetic devices.40 Gastrostomy and jejunostomy tubes
can be placed endoscopically, fluoroscopically, laparos-
copically, and percutaneously. Surgeons may also place
the feeding tube intraoperatively when patients have
preexisting moderate or severe malnutrition and/or
are anticipated to require prolonged support after oper-
ation.39 Radiographic verification of correct placement
of a blindly inserted small- or large-bore feeding tube
is mandatory before administering feeding and
medications.39,41e43 Nasal or oral tubes are usually
placed for short-term (<4e6 weeks) use, whereas tube
enterostomies are typically placed for long-term
(�4 weeks) EN support.27,39e43

The selection of an enteral access route depends on
patient-specific factors, including comorbidities, GI anat-
omy with consideration of prior surgery, gastric and in-
testinal motility and function, risk of aspiration, and the
anticipated duration of therapy.27,39e44 Although some
studies suggested postpyloric feeding is associated with
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TABLE 31.1 Advantages and disadvantages of different enteral nutrition access routes.

Route Indications Advantages Disadvantages

Nasoenteric (NE) tube feeding (short term, <4 weeks)

Orogastric (OG) Intubated and sedated;
Chemically paralyzed

Easy to place tube Patient discomfort

Nasogastric (NG) Normal gastric emptying
No esophageal reflux
Gastric decompression
Medication administration

Easy to place tube
Larger reservoir
capacity in stomach

Highest aspiration risk
Tube displacement

Nasoduodenal (ND) Gastroparesis
Impaired gastric emptying
Esophageal reflux (see NJ
below)

Lower aspiration risk
than NG

May require
endoscopic placement
Tube displacement
Potential aspiration

Nasojejunal (NJ) Gastric dysfunction May initiate feedings
immediately after
injury or operation

Potential GI intolerance
(bloating, cramping,
diarrhea)

Pancreatitis Possible lower
aspiration risk than NG
in some patients

Potential aspiration

Tube enterostomy (long-term feeding required)

Gastrostomy See NG Can be placed during
GI surgery

Surgery is needed for
surgical gastrostomies
Tube dislodgement

Percutaneousa

gastrostomy (PEG)
No NE route available
Persistent dysphasia

No surgery needed for
PEG
PEG less costly than
surgical gastrostomy

Requires stoma care

Operative
laparoscopicb

gastrostomy

Patient already in
operating room for another
surgical procedure

Lower tube occlusion
risk with large-bore
tube

Potential
complications:
• Aspiration risk
• Stoma site skin

infection
• Skin excoriation at

stoma site
• Fistula following

tube removal

Jejunostomy See NJ Lower aspiration risk Requires stoma care

Percutaneousa

endoscopic
jejunostomy (PEJ)

High aspiration risk
Esophageal reflux
Intolerance of gastric
feeding

Can be placed during
GI surgery
No surgery needed for
PEJ

Tube occlusion with
small-bore tube or
needle catheter

Needle catheter
jejunostomy (NCJ)

Inability to access upper GI
tract (esophagus, stomach,
duodenum)

PEJ less costly than
surgical jejunostomy

Surgery required for
jejunostomy placement

Operative laparoscopic
jejunostomy

May initiate feeding
immediately after
operation

Potential
complications:
• GI intolerance
• Stoma site infection
• Skin excoriation at

stoma site
• Fistula following

tube removal

aPercutanously placed tubes avoid risks of surgery and general anesthesia; however, these may require endoscopy, abdominal ultrasound, or radiologic procedure with contrast

media. Endoscopy may be difficult in the presence of a tumor or stricture, altered anatomy, or severe obesity.
bLaparoscopically or operatively placed tubes require general anesthesia; however, patients may be able to return home on the same day after the procedure.
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lower risk of pneumonia and increased nutrition delivery
than gastric feeding, most studies showed no significant
difference in clinical outcomes, including mortality, ICU
length of stay, incidence of pneumonia, and/or ventilator
days.6 The current guidelines do not provide a consensus
recommendation for the preferred routes of gastric
versus postpyloric, hence the selection of feeding tubes
is based on clinician and practice preference.3,6. Gastric
feedings generally require a functional stomach without
delayed gastric emptying, obstruction, or fistula. Small-
bowel feedings are most appropriate for patients with
gastroparesis, gastric outlet obstruction, prior pancrea-
titis, known esophageal reflux, and high aspiration risk.
Although nasojejunal feedings are not required unless
patients have gastric feeding intolerance, small-bowel
feedings have been associated with a significant reduc-
tion in ventilator-associated pneumonia in some, but
not all, studies.38 Combined gastrojejunal tubes are indi-
cated when gastric decompression is needed, but jejunal
feeding is possible, as occurs in patients who have
impaired gastric motility but normal small-bowel
motility and absorption.38,44

B. Tube Feeding Formula Selection

Once an enteral route has been established for the
initiation of tube feeding, an appropriate formula must
be selected. There are numerous commercially available
products, which fall into one of the following categories:
standardized or polymeric, hydrolyzed, caloric-dense,
fiber-enriched, fat-modified, disease-specific, immune-
modulated, and powdered formulas, to meet the various
needs of most patients (Table 31.2).45 EN formulas vary
in terms of caloric density, composition of macronutri-
ents, macronutrient digestibility, viscosity, osmolarity,
and cost. The polymeric formulas contain intact protein,
complex carbohydrates, long- and medium-chain tri-
glycerides, vitamins, minerals, and trace elements. All
formulations are lactose- and gluten-free, and most are
low residue as well as isotonic or slightly hypertonic,
with a caloric content ranging from 1 to 2 kcal/mL.

Because of the variations between enteral formulas, a
systematic comparison of the patient-specific variables
and nutrient needs with the specific characteristics of
the available formulas can be used to select an appro-
priate formula that will most approximate the individ-
ual’s estimated requirements. Patient-specific variables
include clinical status, nutritional status and require-
ments, metabolic abnormalities, digestive and absorp-
tive capacity of the GI tract, disease state, expected
outcomes, and possible routes available for administra-
tion. The simple consideration of a medical diagnosis
with a specifically marketed formula can result in the
administration of inappropriate nutrition support prod-
uct and an increased cost of nutrient provision.

Most hospital patients can be safely fed with
standard, inexpensive, polymeric, enteral formulas (Ta-
ble 31.2). The more calorically dense mixtures are useful
for patients requiring fluid restriction. The addition of
soluble fiber in enteral products is increasingly common
in commercial formulas and may prevent constipation
or control diarrhea. Available research in the role of
fiber-enriched formulas in the management of diarrhea,
however, has not demonstrated consistent benefit,
possibly because a myriad of factors can cause diarrhea
in hospital patients (e.g., antibiotics).46 The polymeric
formulas are usually tolerated as well as, or better
than, much more expensive hydrolyzed formulas.47,48

Hydrolyzed formulas, which contain hydrolyzed casein
or whey as the protein source (also known as oligomeric,
semi-elemental, or peptide-based), are designed for pa-
tients with malabsorption and pancreatic insufficiency.
Clinical data documenting the advantages of routine
use of peptide-based formulas are limited; however,
their use in patients with acute pancreatitis in one study
showed a significantly shorter hospital length of stay
when compared with polymeric formulas.49

Commercial enteral formulas have been developed for
use in disease-specific conditions such as diabetes, renal
failure, and pulmonary disease,. Diabetes-specific for-
mulas are developedwith lower amounts of carbohydrate
and higher amounts of fat as energy sources to improve
glycemic control; some studies show that their use in hos-
pitalized diabetic patients resulted in improved blood
glucose control and decreased insulin requirements.50e52

Renal-specific products are available for patients with
different degrees of renal failure (presence or absence of
renal replacement therapy) (Table 31.2). Several RCTs
suggest that formulas containing increased amounts of
antioxidant nutrients (e.g., vitamins C and E) and anti-
inflammatory lipids (e.g., eicosapentanoic acid, gammali-
nolenic acid) result in improved clinical outcomes
compared with standard EN formulations in patients
with adult respiratory distress syndrome (ARDS),30,53

although results of a recent Phase II trial of omega-3 fatty
acid enriched EN showed no benefit.54 A variety of so-
called “immune-modulating” EN formulations are
commercially available and are supplemented with, typi-
cally, a combination of glutamine, arginine, omega-3 fatty
acids, probiotics, and or/antioxidants.38,45 Most recently,
plant-based enteral formulas, which contain soluble fiber
without dairy, soy, gluten, corn, nuts, artificial sweetener
or additives, have become available and are gaining inter-
est, however, there are limited data available to evaluate
benefits.55,56 Individuals with allergies to specific constitu-
ents in the standard EN formulations may benefit from
these newer plant-based EN formulations. Routine use
of EN “immune-modulating” formulations remains
controversial because of inconsistent results (especially
in ICU patients) and lack of effects on mortality.57,58
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TABLE 31.2 Examples of commercially available enteral nutrition formulas in the United States.

Categories Potential indications kcal (per mL) Protein (g/L) Fat (g/L) Carbohydrate (g/L) % Water Osmolality (mOsm/kg H2O)

Polymeric

Standard (e.g., Osmolite;
Isosource)

Most patients 1.0 44 35 144 84 300

1.2 56 39 158 82 360

1.5 63 49 204 76 525

Caloric dense (e.g., TwoCal HN) Fluid-restricted 2.0 84 90 218 70 725

Fiber-enriched (e.g., Jevity;
Fibersource HN)

Diarrhea 1.0 44 35 155 84 300

1.2 56 39 169 82 450

1.5 63 49 216 76 525

Hydrolyzed

Semielemental/peptide-based
(e.g., Crucial; Peptamen)

Pancreatitis, malabsorption 1.0 40e51 28e39 127e138 83e85 300e585

Disease-specific

Immune-modulating (e.g., Impact
with Glutamine)

Immunosuppressed, critical
illness

1.3 78 43 150 81 630

Oxepa Adult respiratory distress
syndrome

1.5 63 94 105 79 535

Nepro Renal failure, on dialysis 1.8 81 96 167 73 600

Suplena Renal failure, predialysis 1.8 45 96 202 73 600

Glucerna Diabetes 1.0 42 54 95.6 85 355

1.2 60 60 114.5 81 720

1.5 82 75 133.1 76 875

Promote Wound healing 1.0 62 26e28 130.0e138 84 340e380

This table does not constitute an all-inclusive list. Information provided by manufacturers.
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However, metaanalyses in GI surgery patients sug-
gest that use of some of these “immune-modulating”
formulations results in lower rates of hospital total com-
plications and infections and decreased length of hospi-
tal stay compared with standard EN products.59

C. Methods of Tube Feeding Administration

In the initial administration of tube feeding, diluting
enteral formulas is not necessary. The practice of
diluting formulas is more likely to promote microbial
growth than full-strength formulations and increases
the risk of intolerance due to diarrhea secondary to mi-
crobial contamination.38 There are limited data to form
recommendations for the best starting rate for enteral
feeding at initiation and should be based on clinician
judgment and clinical conditions. EN can be adminis-
tered as rate-based (cc/hr) continuous 24 h feeds, as
bolus feeds, or, in clinically stable patients as “cycled”
feeds over 12e16 h (Table 31.3).

Continuous feedings are delivered over 24 h via grav-
ity drip or with the assistance of an enteral infusion de-
vice (electronic feeding pump). A feeding pump is
more advantageous than gravity drip because it can
enhance safety and accuracy in delivery by sustaining a
constant infusion rate and accidental bolus delivery un-
likely to occur. Most commercially available formulas
are well tolerated at full strength when delivered into
the stomach or small intestine at 10e30 mL/h. The infu-
sion rate can generally be advanced in increments of
10e20 mL/h every 8e12 h as tolerated until goal rate is
reached.38 Medically stable patients can tolerate a fairly

rapid progression of infusion rate and achieve the goal
rate within 24e48 h of initiation. There is also evidence
to support starting EN at goal rates in stable adult
patients.60,61 Continuous administration is usually better
tolerated, with lower incidence of GI intolerance and risk
of aspiration than bolus tube feeds in hospital settings.
Continuous infusion may be necessary for postpyloric
feedings because the small bowel cannot act as a reservoir
for large feeding volumes over a short period of time.
Hospitalized patients may initially benefit from a contin-
uous infusion to establish tolerance and later transition to
an intermittent bolus or cyclic infusion schedule.

Bolus and cycled feedings are the most physiologic
feeding techniques because they mimic normal dietary
habits, take advantage of physiologic gastric emptying,
and allow bowel rest in between feedings38 (Table 31.3).
These are the easiest to deliver and can be administered
over a short period of time via syringe bolus or a feeding
container by gravity drip or with an enteral feeding
pump.62 Bolus feedings generally deliver the formula
in less than 15 min, whereas intermittent feedings
deliver it over 30e45 min. The feeding is initiated with
full-strength formula three to eight times daily with in-
creases of 60e120 mL every 8e12 h as tolerated up to
the goal volume of 250e500 mL per feeding, four to six
times daily. Bolus and intermittent methods are primar-
ily reserved for medically stable patients with gastric
feeding tubes because the stomach acts as a reservoir
to handle relatively large volumes within a short time.
Feedings provided by this method may result in adverse
GI effects (pain, diarrhea) due to the sudden delivery of
a large, hyperosmolar formula.38,62

TABLE 31.3 Methods of administration of enteral tube feeding.

Method Indications Advantages Disadvantages

Continuous Initiation of feeding
Critically ill patient
Small-bowel feeding
Intermittent or bolus feeding
intolerance

Pump-assisted
Enhances tolerance
Minimizes risk due to
• high gastric residual
• aspiration
• metabolic abnormalities

Restricts ambulation
Increased cost due to equipment
and supplies

Bolusdintermittent Noncritically ill patient
Home TF
Rehabilitation patient
Gastric feeding

Ease of administration
No pump required
Short feeding time
Most physiological

Highest aspiration risk
Potential GI intolerance (nausea,
vomiting, abdominal pain,
diarrhea)

Cyclicdintermittent Noncritically ill patient
Home TF
Rehabilitation patient
Small-bowel feeding

Physical and psychological
freedom from pump
Beneficial for transitioning TF to
oral diet

Requires high infusion rate over
short time (8e16 h)
May require formula with higher
calorie and protein density to
meet needs
Potential GI intolerance

Volume-based Critically ill patient Mitigates feeding deficits
Reaches nutrition goal quickly

Requires a well-written nurse-
driven protocol/algorithm

GI, gastrointestinal; TF, tube feeding.
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Cyclic feedings are defined as continuous infusion in
an intermittent fashion, for which the formula is infused
continuously over a set number of hours (i.e., 8e16 h).
Tube feedings can be cycled for patients with duodenal
or jejunal feeding tubes, patients who are transitioning
from tube to oral feeding (in which cycled feeding
may stimulate appetite), or for those requiring eventual
home EN. A cyclic feeding schedule allows bowel rest,
free time off the pump, and flexibility to administer
EN overnight and discontinue during the day to afford
the patient greater mobility and an opportunity to eat
oral food.

Underfeeding is common with EN using the tradi-
tional rate-based delivery method due to frequent inter-
ruptions for various reasons, such as holding EN for
diagnostic testing, procedures, medication administra-
tions, etc. Volume-based feeding (VBF) in one recent de-
livery method developed to improve nutrition deficits.
VBF orders are written with a total volume for a 24-
hour period (e.g., 1000 mL/day) with a maximum
compensatory rate 150 mL/h with or without an end-
of-day bolus given to replace remaining deficits. The
usual rate and volumes are individualized to meet pa-
tient’s nutrition needs, and the nurses follow an algo-
rithm/protocol to adjust the delivery rate to make for
interruptions. In recent years, several studies have
compared and evaluated the effectiveness and clinical
outcome between the widely used rate-based feeding
versus VBF.6,62,63 VBF has shown to be safe as well as
improved delivery to better energy needs without
increasing complications, such as feeding intolerance,
mortality, ICU length of stay, ventilation days, or
hyperglycemia.63,64 However, large, multicenter ran-
domized controlled studies are needed to determine
evidence-based outcomes related to improved nutrition
delivery.

Of note, a recent study in 46 Australian and New Zea-
land ICUs compared clinical outcomes in patients
receiving energy-dense (1.5 kcal/mL) EN, which pro-
vided 1863 � 478 kcal per day of EN versus routine
EN (1.0 kcal/mL) that provided 1262 � 313 kcal/day.64

Results showed no difference in the primary end point
(90-day survival) or any other predefined clinical out-
comes between the two groups.64 Also, a recent random-
ized study of 894 clinically similar critically ill adults
with medical or surgical issues at seven academic cen-
ters assigned patients to permissive underfeeding (40%
e60% of calculated energy needs) versus standard EN
(70%e100% of calculated energy needs), with similar
daily protein intake (approximately 60 g/day).65 During
intervention, the permissive underfed group received
835 � 297 kcal/day versus 1299 � 467 kcal/day in the
standard group; no difference in mortality or other clin-
ical outcomes occurred.65

Regardless of the delivery technique, most patients
on EN will require additional fluid to meet minimum
fluid requirements (typically 30e40 mL/kg body
weight). Supplemental fluid (i.e., sterile water or normal
saline) is administered intermittently as flushes
throughout the day (i.e., flush tube with at least 30 mL
every 8 h). To calculate additional fluid requirements,
begin by determining the patient’s total fluid needs.
Then, determine that amount of free water provided
by the tube feeding formula by multiplying the percent
free water content by the total volume of enteral formula
to be administered daily (Table 31.2). Subtraction of the
free water supplied by the formula from the calculated
total free water requirement equals the remaining vol-
ume of free water required. The remaining volume is
divided into three or four boluses per day.66e69

D. Complications of Enteral Tube Feeding

While the administration of EN may appear less com-
plex compared with PN, it is not without potential com-
plications. Serious harm and death can result due to
issues occurring throughout the process of ordering,
administering, and monitoring. Complications include
GI intolerance, mechanical tube complications, broncho-
pulmonary aspiration, enteral access device misplace-
ment and displacement, metabolic abnormalities, and
drugenutrient interactions.38,70,71 The acceptable ranges
for gastric residual volumes (GRVs) at which to decrease
tube feeding rates have been reevaluated in recent years,
and higher amounts than previous routine have been
advocated based on available data.72 Many clinicians
feel that if the GRV is � 250 mL after two consecutive
gastric residual checks, a promotility agent should be
considered in adult patients. However, no adequately
powered studies have to date demonstrated that elevated
GRVs are reliable markers for increased risk of aspiration
pneumonia.72 The current SCCM/ASPEN guidelines for
nutrition support in critical illness do not recommend
checking GRV as a sign of GI intolerance.6 Nonetheless,
in clinical practice, gastric residuals are checked more
frequently (i.e., every 4e6 h for the first 48 h) when
gastric feedings are first initiated and clinical judgment
coupled with residual volume dictates EN tube feeding
rate changes (typically made by the primary nurses). Af-
ter the desired gastric feeding rate is established, gastric
residual monitoring may be decreased to every 6e12 h
in the noncritically ill patients.72 Patient positioning, use
of postpyloric continuous feeding, and judicious use of
prokinetic agents (e.g., metoclopramide or erythromycin)
have been advocated as important to prevent pulmonary
aspiration of tube feeding in patients demonstrating
intolerance (e.g., emesis, gastric distention).44,73 Patients
should be monitored frequently for evidence of
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complications from EN support. Table 31.4 lists common
potential complications of tube feedings and suggested
inter-ventions.

Feeding tubes are prone to clogging for a variety of
reasons, including use of small-bore feeding tubes,
improper medication administration, and formula

sediment accumulation in the lower segment of the
tube, especially during slow administration rates of
caloric-dense or fiber-enriched formulas.43,62 Most clog-
ging can be prevented by use of a clean technique to
minimize formula contamination, and adherence to pro-
tocols for proper flushing of tubes before and after each

TABLE 31.4 Complications of tube feeding.

Complications Possible causes Possible management

Gastrointestinal

Diarrhea (>4 bowel movements
per day or large loose stool)

Medications (e.g., antibiotics)
Formula intolerance
Bacterial overgrowth
Osmotic overload
Decreased bulk
Clostridium difficile

Medication modifications:
• Eliminate antibiotics, antacids, liquid formulations containing

sorbitol.
• Further dilute hypertonic medications.
• Administer medications by intravenous route.
• Administer bulking agents (e.g., psyllium).
• Administer probiotics.
• Administer antidiarrheal agents.a

Stool culture for pathogens.
Feeding modifications:
• Change to a low-fat, high-fiber, or isotonic formula.
• Decrease concentration of formula or rate.

Nausea or vomiting Patient position
Volume overload
Delayed gastric emptying
Nutrient intolerances
GI tract obstruction
Hyperglycemia

Elevate head of bed to 35e45 degrees. Position patient on right
side to facilitate passage of gastric contents through pylorus.
Medication modifications:
• Consider reducing narcotic use.
• Administer prokinetic agents (i.e., metoclopramide).
• Consider antiemetic. Feeding modification:
• Decrease total volume or delivery rate.
• Advance delivery rate slowly over 12e24 h.
• Stop feeding for 2 h and check residuals.
• Change to lactose-free or low-fat formula.

Constipation Dehydration
Decreased fiber GI obstruction

Change to fiber formula.
Administer bulking agents.
Tube flush with water.
Stop feeding temporarily.

Mechanical

Pulmonary aspiration Supine position
Impaired gag reflex
Reflux
Tube malposition or displacement
Abnormal mental status

Elevate head of bed 30e45 degrees.
Infuse feedings into the duodenum or jejunum
Change to smaller bore tube.
Radiographic confirmation for proper placement after insertion
and after severe coughing, vomiting, or a seizure.
Tape tube in place and mark with indelible ink at exit point for
reference.
Reconfirm placement prior to each feeding by checking residuals,
ink mark.

Tube obstruction Acid precipitation of formula
Insufficient tube irrigation
Medications

Flush tube before and after each medication, residual check,
bolus feeding, and every 8 h during continuous feeding, or
whenever feeding is stopped.
Infuse feedings into the duodenum or jejunum.
Do not mix medications with enteral formula.
Adequately crush meds and mix powder with water.
Use liquid meds where possible or administer via alternative
route.
Avoid administering bulk-forming agents via small-bore tube.

aBegin antidiarrheal agent only when infectious and inflammatory etiologies and fecal impaction have been ruled out and causal hypertonic medications (e.g., acetaminophen elixir)

have been changed or discontinued.
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medication administration. Water is the preferred flush
solution (e.g., every 4 h) during continuous feeding,
before and after intermittent feedings, or after residual
volume measurements in an adult patient.43,62 Use of
sterile water for tube flushes in immunocompromised
or critically ill patients, especially when the safety of
tap water cannot be reasonably assumed, is recommen-
ded.62 The recommended first-line method to unclog an
EN tube is to instill warm water using slight manual
pressure. Flushing with a combination of pancrelipase
and sodium bicarbonate solution or with carbonated
soda drink may dissolve the clog.62

Metabolic complications of EN are similar to those
that occur during PN, although the incidence and
severity may be less. As with PN, outlined below, pre-
vention of refeeding syndrome and monitoring patient
tolerance of EN are essential for the safe delivery of
EN.74 Monitoring metabolic parameters prior to the
initiation of enteral feedings and periodically during
enteral therapy should be based on protocols and pa-
tient underlying disease state and length of therapy. Pa-
tients at risk of developing refeeding syndrome should
be identified, and severe electrolyte abnormalities
should be corrected prior to the initiation of nutrition
support.

V. PARENTERAL NUTRITION
SUPPORT

As with EN support, relatively few well-designed,
adequately powered RCTs on PN efficacy in hospital set-
tings have been published.75e80 Thus, practices of PN
use in hospital patients are largely based on guidelines
from professional societies, which in turn are largely
derived from observational studies, small clinical trials,
and expert opinion.3,6,15,28e30 A caveat regarding effi-
cacy of PN is that no rigorous RCT has featured an unfed
or minimally fed control group. Such studies would be
difficult to perform, particularly as the clinical effect of
various durations of minimal or no feeding is unknown
in the modern ICU and other hospital settings.80 Also,
many of the earlier RCTs in nutrition support provided
excessive PN caloric doses and less stringent blood
glucose control strategies compared with current prac-
tice. Nonetheless, available data suggest that patients
with moderate to severe generalized malnutrition
benefit from PN in terms of overall morbidity and
possibly mortality when EN is not possible.19

A. Indications for Parenteral Nutrition

Although not evidence-based, commonly accepted in-
dications for PN in hospital patients when EN is not

appropriate or not tolerated (especially in already
malnourished patients) are as follows: (1) following
massive small bowel � colonic resection; (2) with perfo-
rated small bowel or a proximal high-output fistula;
and (3) in other conditions associated with prolonged
intolerance to EN (e.g., severe diarrhea or emesis, signif-
icant abdominal distention, partial or complete bowel
obstruction, or acute GI bleeding, severe hemodynamic
instability) precluding adequate EN for >3e7 days.3,6,19

There are no data to support withholding of PN in pa-
tients with preexisting proteineenergy malnutrition
who cannot tolerate EN. However, a large RCT from
Belgium (4640 patients) explored the impact of timing
of PN initiation in adult ICU patients receiving inade-
quate amounts of early enteral feeding.79 In the early
initiation group, supplemental PN to meet the caloric
goal of 25e30 kcal/kg/day was started on ICU day 2, ac-
cording to 2009 European clinical practice guidelines.3 In
the late-initiation group, supplemental PN to meet the
caloric goal of 25e30 kcal/kg/day was started on ICU
day 7, according to 2009 American clinical practice guide-
lines.6 The early initiation of PN was associated with
modestly increased ICU and hospital length of stay, infec-
tious complications, indices of organ dysfunction, and to-
tal hospital costs.79,80

In a more recent study in critically ill children by the
same Belgian group, early initiation of PN (within 24 h
after admission to the ICU) was associated with higher
hospital morbidity rates than the group in which PN
was initiated on the eighth day after ICU admission.81

Of interest, a study in 2388 critically ill adults admitted
to 1 of 33 English ICUs with functional GI tracts
randomly assigned patients to either EN or PN in a
pragmatic randomized trial.82 Results showed that there
were no differences between the EN and PN groups in
terms of caloric intake or in clinical outcomes; this study
suggests that, when properly administered, PN admin-
istration is safe in ICU patients.82

Contraindications for PN (largely not evidence-
based) include (1) when the GI tract is functional and ac-
cess for enteral feeding is available; (2) if the patient
cannot tolerate the intravenous fluid load required for
PN, or has severe hyperglycemia or severe electrolyte
abnormalities on the planned day of PN initiation; (3)
when PN is unlikely to be required for >5e7 days;
and (4) if new placement of an intravenous line solely
for PN poses undue risks (Singer et al., 2009,3,6,19).

B. Parenteral Nutrition Administration

PN can be delivered as complete solutions given by
either peripheral or central vein. A comparison of
typical fluid, macronutrient and micronutrient content,
and characteristics of peripheral and central vein PN is
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shown in Table 31.5. Because of the risk of phlebitis, pe-
ripheral vein PN provides lower amounts of dextrose
(5%; dextrose ¼ 3.4 kcal/g) and amino acids (�3.5%;
4 kcal/g), and a large proportion of the caloric content
is given as fat emulsion (50%e60% of total calories).15

Fluid restriction due to cardiac, hepatic, and/or renal
dysfunction may be a contraindication to the use of
larger fluid volumes for PN; thus, peripheral vein PN
is generally not indicated in ICU patients as larger vol-
umes are required to meet energy and amino acid goals.
Central venous PN allows concentrated dextrose and
amino acid delivery via the superior vena cava.
Adequate energy and amino acid intake in the vast ma-
jority of adults can thus be achieved with central venous
volumes of 1e1.5 L/day (Table 31.5). Depending on
fluid status, non-PN hydration fluid rate should be pro-
portionally decreased when PN is infused.6,15

PN electrolytes are adjusted as indicated to maintain
serially measured serum levels within the normal range.
With elevated blood concentrations, lower doses (or
elimination) of specific electrolytes, as compared with
the typical ranges outlined in Table 31.5, may be indi-
cated until blood values are within the normal range.
Higher dextrose concentrations in central vein PN may
increase potassium, magnesium, and phosphorus re-
quirements. The relative percentage of sodium and po-
tassium salts as chloride is increased to correct
metabolic alkalosis, and the percentage of these salts

as acetate is increased to correct metabolic acidosis.
Tighter blood glucose control in ICU and other hospital
patients is now the standard of care (<180 mg/dL).83e85

To achieve these goals, regular insulin can be added to
PN and/or the dextrose load can be reduced as needed
(separate intravenous insulin infusions are commonly
required with hyperglycemia in ICU settings).19,86

Conventional PN provide nine essentials amino acids
and several nonessential amino acids, depending on the
commercial amino acid formulation used.32,87 Although
controversial, some authors recommend addition of
glutamine as a conditionally essential amino acid in
some ICU patients, given the evidence that this amino
acid may become conditionally essential in certain cata-
bolic patients.3,32,87,88 The dose of amino acids is
adjusted downward or upward in relation to goal
amounts as a function of the degree of azotemia or
hyperbilirubinemia in patients with acute renal and he-
patic failure, respectively. For patients with renal failure,
specialized amino acid formulations containing mainly
or only essential amino acid are available for use. For pa-
tients with hepatic failure, clinicians can use the special-
ized amino acid mixtures with increased amounts of
branched-chain amino acids and decreased amounts of
methionine, phenylalanine, and tryptophan.87

Complete PN provides intravenous lipid emulsions
(IVFs) as a source of both energy and essential linoleic
and linolenic fatty acids. In the United States, historical-
ly, the commercially available lipid emulsion is soybean
oil (SO)ebased; now, an intravenous SO/olive oil emul-
sion, an intravenous SO/medium-chain triglyceride
mixture, a fish oil/medium-chain triglyceride/olive
oil/SO emulsion, and a fish oilebased emulsion have
been approved for use in PN. The different formulations
vary in the fatty acid content, composition of the emul-
sion, and dosing.89 The use of SO-based emulsions
have been associated with elevated serum bilirubin
levels, intestinal failure associated liver disease, and
cholestasis in some patients, particularly at chronic doses
exceeding 1.0 g/kg/day.89 It is thought that the amount
of polyunsaturated fatty acids, alpha-tocopherol, and
phytosterol amounts in alternative products may alle-
viate or reduce the impact on the liver.89e91 Recent re-
views of fish oilecontaining IVF lowered inflammatory
markers, improved triglyceride levels and liver enzymes,
and reduced infectious complications, morbidity, and
mortality in ICU patients.92e94 When compared with
SO-based IVF, olive oilebased IVFs are a safe alternative,
but clinical and metabolic differences between these two
IVF were not statistically significant.92,93,95

Lipid is typically mixed with dextrose and amino
acids in the same PN infusion bag (“all-in-one” solution)
and given with PN over 16e24 h. Lipid emulsion may
also be infused separately from the main PN bag over
10e12 h. The maximal recommended dose of lipid

TABLE 31.5 Composition of typical parenteral nutrition
formulations.

Component Peripheral vein PN Central vein PN

Volume (L/day) 2e3 1e1.5

Dextrose (%) 5 10e25

Amino acids (%) 2.5e3.5 3e8

Lipid (%) 3.5e5.0 2.5e5.0

Sodium (meq/L) 50e150 50e150

Potassium (meq/L) 20e35 30e50

Phosphorus (mmol/L) 5e10 10e30

Magnesium (meq/L) 8e10 10e20

Calcium (meq/L) 2.5e5 2.5e5

Vitaminsa

Trace elements/mineralsb

aVitamins typically added on a daily basis to peripheral vein and central vein PN are

comprised of commercial mixtures of vitamins A, B1 (thiamin), B2 (riboflavin), B3

(niacinamide), B6 (pyridoxine), B12, C, D, and E, biotin, folate, and pantothenic

acid. Vitamin K is added on an individual basis (e.g., in patients with cirrhosis).

Specific vitamins can also be supplemented individually.
bTrace elements/minerals typically added on a daily basis to the peripheral vein and

central vein PN are comprised of commercial mixtures of chromium, copper,

manganese, selenium, and zinc. Minerals can also be supplemented individually.
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emulsion infusion in adults is 1.0e1.3 g/kg/day, with
monitoring of blood triglyceride levels at baseline and
then approximately weekly and as indicated to assess
clearance of intravenous fat.15,19,28 Triglyceride levels
should be maintained below 400e500 mg/dL by
decreasing the amount of lipid infused to decrease risk
of pancreatitis and diminished pulmonary diffusion ca-
pacity in patients with severe chronic obstructive lung
disease (Box 31.3). In central venous PN, a reasonable
initial guideline is to provide 60%e70% of noneamino
acid calories as dextrose and 30%e40% of noneamino
acid calories as fat emulsion.6,15,19,28

Specific requirements for intravenous vitamins and
minerals have not been rigorously defined in hospital
patients.3,6,14,19,80 Therapy is therefore guided at meeting
published recommended doses that maintain blood con-
centrations in the normal range in most patients using
commercially available intravenous preparations of
combined vitamins and minerals (Table 31.5). However,
several studies show that a significant proportion of ICU
patients receiving conventional PN or EN nutrition sup-
port variously exhibit low blood zinc, copper, selenium,
vitamin C, vitamin E, and vitamin D concentrations.1,2,7

This may be due to pre-ICU admission nutrient deple-
tion, increased ICU requirements (possibly secondary
to oxidative stress), increased excretion, and/or tissue
redistribution. Essential nutrient depletion may impair
antioxidant capacity, immunity, wound healing, and
other important nutrient-related body functions. Thus,
as with electrolytes, therapy is directed at maintaining
normal blood status, with serial monitoring in blood as
clinically and biochemically indicated.

PN formulations can be prepared under a sterile hood
by trained hospital pharmacists, but commercially

prepared formulations are also available. PN is adminis-
tered by infusion pump to control delivery rates, and the
infusion catheters incorporate an in-line filter to prevent
microbial contamination.

C. Clinical Monitoring of Parenteral Nutrition

Monitoring of PN therapy in the hospital setting re-
quires daily assessment of the multiple factors outlined
in Boxes 31.1 and 31.2. Blood glucose should be moni-
tored several times daily, and blood electrolytes and renal
function tests should generally be determined daily.
Blood triglyceride levels should be measured at baseline
and then weekly until stable. Although guidelines are
few, some centers routinely monitor periodic blood levels
of copper, selenium, zinc, whole blood thiamin (vitamin
B1), vitamin B6, vitamin C, retinol, and 25-
hydroxyvitamin D.7,19 Liver function tests should be
measured at least a few times weekly. pH should be
monitored generally daily in ventilated patients when
arterial blood gas pH measurements are available; blood
carbon dioxide (C02) concentrations are a surrogate
marker for acidebase status (low C02 levels ¼ acidosis;
high C02 levels ¼ alkalosis).19 Frequent monitoring of
blood glucose, electrolytes, and organ function is routine
in the ICU setting.

D. Adverse Effects of Parenteral Nutrition

Metabolic, infectious, and mechanical complications
may occur with PN.19,28,96e101 Mechanical complica-
tions, particularly with central venous catheters, include
pneumothorax, hemothorax, thrombosis, and bleeding

B O X 3 1 . 3

Characteristics of overfeeding and the refeeding syndrome in patients receiving PN

• Extracellular to intracellular shift of magnesium, phosphorus, and/or potassium due to excess dextrose
infusion and refeeding hyperinsulinemia.

• Immune cell dysfunction and infection (hyperglycemia).
• Cardiac failure or arrhythmias (excess fluid, excess sodium and other electrolytes, refeeding-induced

electrolyte shifts).
• Neuromuscular dysfunction (thiamin depletion, refeeding-induced electrolyte shifts).
• Azotemia (excess amino acid, inadequate PN total energy supplied in relation to amino acid dose).
• Fluid retention (excess fluid, sodium, refeeding hyperinsulinemia).
• Elevated liver function tests and/or hepatic steatosis (excess kilocalories, dextrose or fat).
• Increased blood ammonia levels (excess amino acids with liver failure).
• Hypercapnia (excess total kilocalories).
• Respiratory insufficiency (refeeding-induced hypophosphatemia, excess fluid, kilocalories,

carbohydrate or fat).
• Hypertriglyceridemia (excess carbohydrate or fat).
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with insertion. Catheter-related bloodstream infections
can occur in PN patients and are not uncommon in these
individuals, who typically have other risk factors for
infection. For example, in a recent study of 1325 patients
receiving PN in a tertiary-care hospital over a 12-year
period, the catheter-related bloodstream infection rate
was 10e13 per 1000 central venous catheter days,
depending on the criteria used.99 Proper and safe
administration of both peripheral and central vein PN
requires strict catheter care and nursing care protocols,
including use of dedicated catheter ports for PN admin-
istration and subclavian vein insertion sites for central
venous PN.15,19,28

Potential metabolic and clinical consequences of over-
feeding and refeeding syndrome during central venous
PN in critically ill patients are shown in Box 31.3. High
calorie, dextrose, amino acid, and fat doses (“hyperali-
mentation”) are readily administered via a central
vein. While not the standard of care based upon current
guidelines, administration of excess dextrose, fat, and
total calorie remains a common practice in some
centers.15,28 Risk factors for PN-associated hyperglyce-
mia include (1) use in obese, diabetic, and/or septic pa-
tients; (2) poorly controlled blood glucose at PN
initiation; (3) initial use of high dextrose concentrations
(>10%) or dextrose load (>150 g/day); (4) insufficient
insulin administration and/or inadequate monitoring
of blood glucose; and (5) concomitant administration
of corticosteroids and pressor agents.6,28

Electrolyte administration requires careful moni-
toring and general day-to-day adjustment in PN to
maintain normal blood levels. Overfeeding can induce
several metabolic complications of varying degrees of
severity affecting several organ systems (Box 31.3). A
large study found that PN use per se, overfeeding,
and sepsis were the major risk factors for liver dysfunc-
tion in critically ill patients.97 Elevated transaminases
and eventual PN-induced liver dysfunction that may
lead to hepatic failure occur with PN administration,
especially in individuals receiving chronic PN ther-
apy.28 The mechanisms for PN-induced liver dysfunction
remain unclear but are probablymultifactorial.28 Of inter-
est, some studies suggest that switching from conven-
tional soybean oilebased lipid emulsion to fish
oilebased lipid emulsion was associated with decreased
PN-associated liver failure in children receiving chronic
PN, but mechanisms remain obscure.98 PN should be
advanced carefully to goal rates and the composition
adjusted as appropriate based on the results of close daily
metabolic and clinical monitoring performed daily. The
calories provided by dextrose present in non-PN intrave-
nous fluids, the SO lipid emulsion carrier of propofol, a
commonly used intravenous ICU sedative, and clevidi-
pine, an intravenous calcium-channel blocker, as well as
the nutrients provided in any administered EN, must

be taken into account in the PN prescription to avoid
caloric or electrolyte overfeeding.

Refeeding syndrome is relatively common in at-risk
patients (alcoholic dependency, preexisting malnutrition
or electrolyte depletion, recent significant body weight
loss, prolonged periods of intravenous hydration ther-
apy alone, or administration of insulin or diuretics prior
to refeeding).96,100e103 In a study of at-risk hospital pa-
tients given EN, PN, or both, 25% of 92 patients devel-
oped refeeding-induced hypophosphatemia.101 In a
recent systemic review, involving a total of 6608 patients,
the incidence of refeeding syndrome was reported as
high as 80% based on various definitions.102 Refeeding
syndrome is mediated by administration of excessive
intravenous dextrose (>150e250 g or 1 L of PN with
15%e25% dextrose). This markedly stimulates insulin
release, which may rapidly decrease blood potassium,
magnesium, and especially phosphorus concentrations
due to intracellular shift and utilization in metabolic
pathways.96,100e103 High doses of carbohydrate increase
thiamin utilization and can precipitate symptoms of
thiamin deficiency. Hyperinsulinemia may cause so-
dium and fluid retention by the kidney. This, together
with decreased blood electrolyte concentrations (which
can cause cardiac arrhythmias), can result in heart fail-
ure, especially in patients with preexisting heart
disease.96,100e103 Prevention of refeeding syndrome re-
quires identification of at-risk patients, use of initially
low PN dextrose (e.g., 1 L.d of PN with 10% dextrose),
empiric provision of higher PN doses of potassium,
magnesium, and phosphorus, based on blood levels
and renal function, and supplemental PN thiamin
(e.g., 100 mg/day for 3e5 days),19,74,101.

Consultation with an experienced multidisciplinary
nutrition support team for recommendations regarding
the PN prescription is ideal when such personnel are
available. Nutrition support team daily monitoring has
been shown to reduce complications and costs and to
decrease inappropriate use of PN.104e106

VI. FUTURE DIRECTIONS

Numerous areas of uncertainty remain with regard to
administration of specialized EN and PN, despite routine
use in hospitals and other settings. For example, the
optimal timing for EN and PN initiation in hospital pa-
tients remains areas of uncertainty. Few prospective
data are available on the clinical effects of minimal or
no feeding over time (e.g.,>7 days), and such data are un-
likely to be forthcoming. Rigorous RCTs are needed to
define optimal caloric and protein/amino acid dose regi-
mens in subgroups of ICU and non-ICU patients. Some
studies show that larger doses of standard soybean oile
based intravenous fat emulsions induce proinflammatory
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and prooxidative effects and possibly immune suppres-
sion. However, conflicting results of small RCTs
comparing soybean oilebased lipid emulsion with other
types of lipid emulsion have not clarified optimal use.
Available data suggest that glutamine may become a
conditionally essential amino acid in ICU patients. Gluta-
mine serves as an important fuel for immune and gut
mucosal cells and has cytoprotective properties among
other potentially beneficial functions. Several clinical tri-
als have shown that glutamine-supplemented PN
(0.2e0.5 g/kg/day as the L-amino acid or as glutamine di-
peptides) has protein-anabolic effects, enhances indices of
immunity, and decreases hospital infections. Thus, some
expert panels recommend that glutamine be routinely
added to PN in ICU patients, if available. However, a
large RCT in adults with severe critical illness showed
that very high doses of supplemental glutamine, given
concomitantly via enteral and parenteral routes worsened
clinical outcomes.107 Phase III level, double-blind, intent-
to-treat RCTs are needed in specific ICU patient sub-
groups to define clinically optimal calorie, protein/amino
acid, and specific vitamin and mineral requirements, as
well as to determine the efficacy of supplemental PN
combined with EN to achieve caloric and protein/amino
acid goals. In addition, rigorous trials to verify proposed
“pharmaconutrition” strategies (e.g., use of high doses of
supplemental parenteral and enteral glutamine, vitamin
C and other antioxidants, selenium, and/or zinc, etc.)
are also needed.108

Additional sources of information are available in the
published literature.109
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SUMMARY

Gastrointestinal physiology involves an intricate network of mechanical, hormonal, and motility func-
tions, including enzymatic secretions, and acid production that work in concert to ensure the breakdown
of ingested food for utilization by the body. In critical illness, this delicate interplay is disrupted with
marked alterations in absorptive physiology and energy metabolism. This combination of changes ne-
cessitates a careful and nuanced approach to nutritional therapy for critically ill patients. The preillness
nutrition status of the patient determines their ability to withstand and survive the critical illness state.
Nutrition assessment is essential to characterize and define the nutrition status of the patient, determine
appropriate nutrient intake goals, and identify the best mode for nutrient delivery. This chapter describes
the current state of knowledge and evidence for the provision of nutritional therapy in the ICU patient
and explains the nutritional relevance of selected diseases common to adult and pediatric ICU patients.

Keywords: Adult; Critical care nutrition; Critical illness; Energy expenditure; ICU adult nutrition; ICU pediatric
nutrition; Nutrition assessment; Nutrition support; Pediatric.

I. CHANGES IN FUNCTION AND
PHYSIOLOGY DURING CRITICAL

ILLNESS
A. Introduction

Changes in gastrointestinal (GI) physiology and
metabolism of critically ill patients may lead to intolerance

of enteral formulas and nutritional deficits. During
health, GI physiology involves an intricate network of
mechanical, hormonal, and motility functions involving
enzymatic secretions and acid production that work in
concert to ensure the breakdown of ingested food for
utilization by the body and promotion of homeostasis
in healthy individuals. During critical illness, key
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components of this network become disrupted, with in-
flammatory changes causing acute metabolic stress. In
turn, this results in disordered carbohydrate, lipid, and
protein metabolism with alterations in the innate hor-
monal environment.1 Disease or injury processes alter
absorptive physiology and energy metabolismdboth
key factors that need to be accounted for with a nuanced
approach to nutritional support.

Manifestation of these alterations vary with the preill-
ness nutritional condition of the patient. Therefore, these
disruptive processes can have disparate presentations in
patients depending on their overall health and nutrition
status at the onset of illness and subsequent evolution of
disease in the intensive care unit (ICU). Nutrition ass-
essment of the critically ill patient is necessary to charac-
terize and define nutrition status, determine appropriate
nutrient intake goals, identify the best mode for nutrient
delivery, monitor for tolerance, and determine associa-
tions with patient outcomes.

The objectives of this chapter are to present the cur-
rent state of knowledge regarding the provision of nutri-
tion therapy in the ICU patient and describe the
nutritional relevance of selected diseases common to
the adult and pediatric ICU patients. It is beyond the
scope of this chapter to address physiologic changes
that occur in the still developing GI tract in premature
infants who are critically ill.

B. The Acute Phase Response

Critical illness is characterized by an increase in
catabolism mediated by counterregulatory catabolic

hormones, which is termed the acute phase response
(Fig. 32.1). While catabolic states induced by starvation
have muscle-preserving mechanisms to protect lean
mass in advanced stages, the acute phase response
overrides these protections creating a relentless
catabolic state. The catabolic state begins with an
“ebb phase” lasting 12e24 h during which oxygen
utilization and body temperature decrease. The ebb
phase is followed by the catabolic “flow phase,” which
can last one to 3 weeks, during which time increased
catecholamines induce the breakdown of endogenous
macronutrient stores through pathways of lipolysis
and gluconeogenesis.1 These changes coupled with
the immobilization associated with critical illness can
result in severe muscle wasting in the critically ill
patient. In the first few days of ICU admission, lean
mass loss can be as high as 17.7% in adults2 and greater
than 10% in children.3 The catabolic activity of the acute
phase response to injury or illness is likely not resolved
by provision of energy and protein. Instead, excess
energy provided during this catabolic state is converted
to fat and glucose and can lead to hyperglycemia and
hypertriglyceridemia.4e6 Whether increased protein
intake can ameliorate the losses of lean mass is not
yet clear.

Cytokines released during the acute phase response
result in profound alterations in hepatic protein synthe-
sis. Synthesis of positive acute phase proteins such as
C-reactive protein (CRP), fibrinogen, haptoglobin, ceru-
loplasmin, complement, alpha-1 glycoprotein, and
serum amyloid is stimulated, with resulting increase in
serum concentrations. Concurrently, suppression of

FIGURE 32.1 Nutritional considerations in the acute phase response.
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negative acute phase proteins such as albumin, trans-
ferrin, transthyretin, and retinol-binding protein occurs,
with resulting decrease in serum concentrations of these
proteins. Additionally, serum concentrations also
decline due to decreases in oncotic pressure within the
vasculature leading to capillary leak with accumulation
of protein-rich interstitial fluid in tissues and from dilu-
tion with fluid resuscitation. These changes in protein
synthesis and concentration during critical illness
render measurements of albumin, prealbumin, and
retinol-binding protein less reliable as biomarkers of
nutrition status during the acute phase of critical illness.
These nutritional biomarkers are more reflective of the
acute phase response than they are of nutritional status
of the patient.

Changes in blood micronutrient concentrations may
also occur during critical illness (Fig. 32.2). During the
acute phase response, many vitamins (A, B6, C, D, and
E) and minerals (copper, iron, selenium, and zinc) are
impacted by inflammation and best interpreted in light
of the CRP concentration. Renal failure requiring dial-
ysis therapy may result in excess losses of copper, sele-
nium, zinc, thiamin, and vitamin B6.7 Oxidative stress
related to the production of oxygen free radicals may
require greater use of antiinflammatory vitamins.8

Thus, it can be difficult to interpret blood concentrations
of micronutrients during critical illness.1

Studies of supplementation of selenium (Se) and
vitamin C in critical illness are promising. Selenium sup-
plementation may improve renal function and decrease

FIGURE 32.2 Causes of micronutrient shifts in critical illness, Cu ¼ copper, Fe ¼ iron, Na ¼ sodium, K ¼ potassium, and Mg ¼magnesium.
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infectious complications.9 Vitamin C administration,
particularly in combination with thiamine and hydro-
cortisone, may be important in sepsis.10 Demand for
vitamin C increases during sepsis due to the adaptive
processes in the body to reduce plasma-free iron and
free radicals, but concentrations may also be decreased
due to inflammation and fluid resuscitation. Vitamin C
administration has also been shown to preserve cardio-
vascular integrity and responsiveness to vasopressors in
animal models of sepsis.11,12 A randomized placebo-
controlled trial in 26 adult ICU subjects demonstrated
a more rapid decline in sequential organ failure assess-
ment (SOFA) scores (indicating improvement in organ
dysfunction) over 96 h in patients receiving intravenous
(IV) vitamin C doses of 200 mg/kg body weight per
24 h.13 In an open-label study of 47 adult subjects with
severe sepsis compared to historic controls that tested
IV administrations of vitamin C (1.5 g every 6 h), thia-
mine (200 mg every 12 h), and hydrocortisone (50 mg
every 6 h), mortality in the treatment group was 8.5%
versus 40.4% in the control group. Additionally, there
was a significant decrease in the time to wean from va-
sopressors in the treatment group compared to the his-
toric control group.10 This study has not only been
criticized for its unblinded, nonrandomized study
design but also because the historic control subjects
had greater mortality risk, a factor not considered in
the comparison. Additional studies have examined
this triple therapy with mixed results. One observational
study (n ¼ 94 subjects) found no association between tri-
ple therapy (vitamin C, thiamine, and hydrocortisone)
and any clinical outcome.14 One pediatric randomized
controlled trial (RCT) in 24 subjects found reduced vaso-
pressor requirements in subjects receiving triple therapy
versus controls.15 Although vitamin C and/or triple
therapy with vitamin C, thiamine, and hydrocortisone
maybe promising, these strategies require further study
in both the adult and pediatric critical illness settings.16

C. Nutrition Status and Risk Assessment

Critically ill patients are frequently malnourished
upon admission to the ICU, particularly in patients
with preexisting comorbidities. Nutrition risk assessment
should occur for each patient admitted to the ICU.17 The
use of nutrition risk assessment tools identifies those pa-
tients who are at highest risk of nutritional deterioration.
In adults, two such scoring systems are the Nutrition Risk
in the Critically Ill (NUTRIC) Score18 and the Nutrition
Risk Score 2002 (NRS).19 The NUTRIC Score focuses on
severity of illness scores such as the Acute Physiology
and Chronic Health Evaluation II score (APACHE II)
and SOFA score, as well as age, hospital days prior to
ICU admission, comorbidities, and serum concentration

of interleukin-6 (IL-6), a proinflammatory cytokine. A
modified version of the NUTRIC score without IL-6 is
also available.20While the NUTRIC score has been shown
to predict mortality21,22 and identify patients who benefit
most from nutrition support with lower mortality in
observational studies,20,23e25 one prospective trial26 did
not convincingly demonstrate its ability to predict the
impact of nutrition therapy on clinically relevant out-
comes. However, this trial was relatively small (n ¼ 245
subjects), and survivors consistently received greater
intake of protein and energy after day 6, though still
only about 70% of goal requirements. The nonsurvivor
group had significantly more patients with highNUTRIC
score (82% vs. 41%) and with malnutrition (23% vs. 33%).
TheNRS score has been validated to predict the impact of
nutrition support on clinical outcomes in two prospective
randomized control trials.27,28 Limitations of the NRS
score include the need for APACHE II calculated score
greater than 10, which is achieved by age alone (greater
than 45 years), and ICU admission.29 Thus, the ability
to assess nutrition status and identify nutrition risk re-
mains poor in critically ill adult patients.

Identifying malnutrition requires a complete nutri-
tion assessment with inclusion of both objective and
subjective pertinent data. The 2012 consensus report
from the Academy of Nutrition and Dietetics (AND)
and the American Society for Parenteral and Enteral
Nutrition (ASPEN) recognizes six criteria of malnutri-
tion in adults: (1) reduced energy intake over a desig-
nated time frame, (2) weight loss over a designated
time frame, (3) loss of fat mass, (4) loss of muscle
mass, (5) fluid accumulation, and (6) reduced grip
strength, at least two of which are needed to classify
the degree of malnutrition.30 Many of these parameters
are not easily obtained in the critically ill patient, and
the provider must rely on physical assessment and input
from skilled practitioners.31

In critically ill children, malnutrition upon admission
and during hospitalization is a well-established prob-
lem.32e35 While existing pediatric nutrition assessment
tools have been validated in hospitalized patients, none
are specific to critically ill children. The key to performing
a nutrition assessment is obtaining accurate anthropom-
etry measurements, which is challenging in the critically
ill child due to fluctuations in fluid volume status, and
thus weight, from dehydration, fluid overload from
resuscitation, and various treatmentmodalities that influ-
ence anthropometry measurements. Nutrition assess-
ment and determination of energy and protein
requirements in critically ill children must also account
for the need to preserve growth that is often negatively
impacted during critical illness. A recent study demon-
strated that faltering growth during the ICU admission
is associated with prolonged length of stay, particularly
in children with preexisting comorbidities.36 Similar to
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the adult consensus statement, a pediatric consensus
statement by AND and ASPEN recommends the use of
standard diagnostic indicators to identify and document
pediatric malnutrition. These include (1) weight-for-
height/length z-score, (2) body mass index (BMI)efor-
age z-score, (3) length/height-for-age z-score, and/or
(4) mid-upper arm circumference. If more than one
anthropometric data point is available, the recommenda-
tions include the use of (1) weight gain velocity in <
2-year-olds, (2) weight loss in 2- to 20-year-olds, (3) decel-
eration in weight-for-length/height z-score, and (4) inad-
equate nutrient intake to assess malnutrition. Current
standards encourage assessment of nutrition status with
accurate documentation upon hospital admission as the
basis to direct nutrition therapy. Systematic nutrition
assessment is vital for both adult and pediatric critically
ill patients to identify those patients at risk for nutritional
deterioration and to prescribe and appropriately adapt
nutrition therapy to thwart nutrition-related complica-
tions during critical illness.

D. Determining Nutritional Needs in the
Critically Ill Patient

The determination of nutritional requirements in the
critically ill patient is best assessed by measurement of
individual patient needs for energy and protein. Current
guidelines for nutrition support in critically ill adult17

and pediatric patients37 recommend use of indirect calo-
rimetry (IC) to determine energy needs whenever
possible. In the absence of IC, use of a predictive or
weight-based equation (25e30 kcal/kg (kg)/d) is rec-
ommended in nonobese adults (BMI<30) (Table 32.1).6

Current guidelines for the pediatric critically ill pa-
tient recommend use of the Schofield equation39 or the
World Health Organization (WHO) predictive equation
based on kg body weight without the addition of a stress
factor to estimate energy requirements (when IC is not
available) (Table 32.2).37,40,41 The adult guidelines
recommend that critically ill patients receive protein at
1.2e2 g/kg body weight17 (Table 32.1), though recom-
mendations are based on limited strength of evidence.
The clinical registryebased EFFORT trial in adult ICU
patients is underway to answer whether protein deliv-
ery at 2.2 g/kg/day is associated with lower mortality
and shorter time to hospital discharge than usual intake
of 1.2 g/kg/day.42 By contrast, in critically ill children, a
minimum of 1.5 g/kg/day of protein is recommended
to avoid protein deficit and attain a positive nitrogen
balance. These thresholds appear to correlate with
improved outcomes.37 The evidence for protein require-
ments in critically ill children accounts for increased
protein breakdown and exceeds recommendations of
the WHO and the Dietary Reference Intake values.37

Tables 32.3 and 32.4 provide pediatric recommendations
for protein and fat allowances. Further study is neces-
sary in both adult and pediatric populations to deter-
mine more precise protein requirements during critical
illness.

E. Obesity in the Critically Ill Patient

It is important for providers to recognize thatmalnutri-
tionoften accompanies obesity andhasan impact onnutri-
tional support. The increased rate of obesity seen globally
in the general population is also encountered in adult and

TABLE 32.1 Guidelines for feeding nonobese and obese ICU patients.

Summary of 2016 ASPEN/SCCM

General guideline recommendations for energy and protein provision in critically ill adult patients

Nonobese patients BMIa: 18e30 kg/m2 Caloriesb 25e30 kcal/kg actual body
weight

BMI: 18e30 kg/m2 Protein 1.2e1.5 g/kg actual body
weight

Obese patients BMI: 30-50 kg/m2 Caloriesb 11e14 kcal/kg actual body
weight

BMI > 50 kg/m2 Caloriesb 22e25 kcal/kg ideal body
weightc

BMI: 30e40 kg/m2 Protein 2 g/kg ideal body weight

BMI > 40 kg/m2 Protein 2.5 g/kg ideal body weight

aBMI is body mass index represented as weight (kg) divided by height (m2).
bThis or other predictive equations to be used when indirect calorimetry is contraindicated or unavailable.
cIdeal body weight in lbs (for men) ¼ 106 þ 6 X (Hte 60 in). Ideal body weight in lbs (for women) ¼ 105 þ 5 X (Hte 60 in).38 ASPEN: American

Society of Parenteral and Enteral Nutrition; SCCM: Society of Critical Care Medicine.
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pediatric ICU patient populations. In the United States in
2015e16, the prevalence of obesity in adults was about
40%.43 Excess adiposity in adults can mask loss of muscle
mass that has accrued due to chronic, low-grade inflam-
mation. The hypercatabolic state that occurs in the acute
phase of critical illness accelerates the rate of loss of
leanmass with a risk of worseningmusclemass and func-
tion after ICU discharge.1 No high-quality data based on
strength of evidence exist to guide energy requirements in
ICU patients with obesity. However expert consensus
guidelines from ASPEN17 recommend a hypocaloric,
high-protein strategy in adults. It is suggested that obese
adult patients receive 65%e70% of calorie goals as deter-
mined through IC. If IC is not available, the guidelines
suggest 11e14 kcal/kg/day of actual body weight for an
adult patient with a BMI between 30 and 50 kg/m2 and
22e25 kcal/kg/day of ideal body weight (IBW) for pa-
tients with a BMI >50 kg/m2.6 Protein recommendations
in adult obese patients are 2 g/kg/day of IBW for those
patients with a BMI between 30 and 40 kg/m2 and
2.5 g/kg/day of IBW for those patients with a BMI
>40 kg/m2. These suggestions for intake of energy and
protein are based on low strength of evidence.

Similarly, obesity increasingly affects large numbers
of children in the United States. The National Health
and Nutrition Examination Survey 2015e16 found the
prevalence of obesity in children ages 2e5 years to be
14%, ages 6e11 years to be 18%, and ages 12e19 years
to be 21%.43 Critically ill children with obesity are at
increased nutrition risk, and there are no standards to
define IBW in children with obesity. IC will more accu-
rately assess energy requirements in this population
but may not be available. Accuracy of IC is a concern

TABLE 32.2 Energy equations to estimate energy for critically ill children.

Equation Sex Age (years)

Resting energy requirements

estimate

Schofield44 Female 0e3
3e10
10e18

[16.252 � Wt þ 1023.2 x Ht]
� 413.5
[16.969�Wt þ 161.8 x Ht] þ 371.2
[8.365 � Wt þ 465 x Ht] þ 200

Male 0e3
3e10
10e18

[0.167 � Wt þ 1517.4 x Ht]
� 617.6
[19.59 � Wt þ 130.3 x Ht] þ 414.9
[16.25 � Wt þ 137.2 x Ht] þ 515.5

FAO/WHO/UNU40 Female 0e3
3e10
10e18

[61 � Wt] � 51
[22.5 � Wt] þ 499
[12.2 � Wt] þ 746

Male 0e3
3e10
10e18

[60.9 � Wt] � 54
[22.7 � Wt] þ 495
[17.5 � Wt] þ 651

Wt, weight, kg; Ht, height, m.

FAO, Food and Agriculture Organization; UNU, United Nations University, WHO, World Health Organization.

TABLE 32.3 Pediatric recommendations for dietary protein
allowance.

Recommended pediatric dietary allowance for protein

Age group ASPEN g/kg/day WHO g/kg/day IOM g/kg/day

0e6 months 2.0e3.0 1.5 1.52a

7e12 months 1.5e3.0 1.5 1.1b

1e2 years 2.0e3.0 1.2 0.88

3e12 years 1.5e2.0 0.9e1.0 0.76

14e18 years 1.5 0.85e1.0 0.76

ASPEN: American Society of Parenteral and Enteral Nutrition; WHO: World

Health Organization; IOM: Institute of Medicine.
aAdequate Intake: recommended average daily nutrient intake based on a group of

healthy individuals.
bEstimated Average Requirement: average nutrient intake level at which the needs of

50% of population will be met.

Adapted from Kleinman RE, Greer FR, eds, American Academy of Pediatrics, Committee

on Nutrition. Pediatric Nutrition Handbook seventh edition. Elk Grove Village, IL:

Academy of Pediatrics; 2014; Mehta NM, Compher C, ASPEN Board of Directors.

ASPEN clinical guidelines: nutrition support of the critically ill child. JPEN J Parenter

Enter Nutr, 33(3): 260e276; 2009. Institute of Medicine. Dietary Reference Intakes

for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein and

Amino Acids. Washington, DC: National Academies Press; 2002/2005.

TABLE 32.4 Pediatric recommendations for fat intake as percent
of total calories.

Age group

Total fat intake

recommendations

2e3 years 30%e40% of total calories

> 4 years 25%e35% of total calories

Adapted from: Dietary Recommendations for Healthy Children. https://www.heart.org/

en/healthy-living/healthy-eating/eat-smart/nutrition-basics/dietary-recommendations-

for-healthy-children
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if ventilator settings are high or if the child requires sup-
plemental oxygen therapy, both of which are common
interventions in the ICU setting.

Use of standard predictive equations or BMI may
over or underestimate energy needs. Predictive equa-
tions should be used with caution and combined with
close monitoring of the patient’s weight pattern in
response to nutrition therapy, often adjusting as neces-
sary to achieve appropriate energy and weight goals.45

Specific protein intake recommendations are not avail-
able for pediatric patients with obesity. The ASPEN
guidelines for all hospitalized children suggest caution
when using recommendations for nonobese pediatric
patients as they may over- or underestimate needs by
as much as 20% depending on patient age, nutritional
status, clinical presentation, and severity of illness.37,45,46

In general, nutrition guidelines are not designed to
recognize the nuanced illness states associated with an
ICU admission or the changing nutritional needs of
the patient during the course of critical illness. There-
fore, it is important that providers view current guide-
lines as a starting point to initiate nutrition care and
monitor patient response to nutritional therapy. Real-
time monitoring of clinical and laboratory determinants
such as serum electrolytes, blood urea nitrogen (BUN),
serum proteins, inflammatory markers, micronutrient
concentrations, and serial anthropometry patterns is
essential and may be the best indicators of successful
nutrition therapy in the critically ill patient with obesity.

F. Provision of Nutrition Support

Enteral nutrition

Numerous factors contribute to the inability of ICU
patients to participate in volitional feeding by mouth.
When critically ill patients with a functioning GI tract
are unable to consume nutrients orally, enteral nutrition
(EN) is the preferred mode of nutrition therapy. EN is
defined as the delivery of nutrients distal to the oral cav-
ity through tube, catheter, or stoma. The joint ASPEN
and Society of Critical Care Medicine (SCCM) guidelines
for nutrition support in critically ill adults17 and chil-
dren37 recommend that EN be initiated within 48 h of
ICU admission. Early EN for critically ill patients is asso-
ciated with a decrease in the hypercatabolic response,
preservation of GI mucosal integrity and motility, and
increased caloric and protein intake stimulating insulin
secretion and protein preservation.47,48 Providing a flow
of nutrients through the GI tract is believed to maintain
the structural integrity of intestinal cells and the gut-
associated lymph tissues that participate in overall
immune function.49 Enteral feeding stimulates cholecys-
tokinin release, which may protect against cholelithiasis.
Providing EN is associated with significant cost savings.

Doig and colleagues demonstrated hospital cost reduc-
tion of more than $14,000 per patient attributable to the
use of early EN during the course of ICU stay.50

For most adult and pediatric patients, a tube deliv-
ering bolus feedings directly into the stomach (gastric
feeding) is appropriate and similar to normal gastric
physiology with meal ingestion. In situations where
the GI motility of the patient is slowed, or where gastric
feeds are contraindicated, postpyloric feeding (distal to
the stomach) may be appropriate. Continuous feeding
directly into the duodenum or jejunum may improve
EN tolerance and secondarily increase attainment of
goal nutrient intake.

In patients who do not tolerate EN well, nutritional
deficits can easily accumulate. Practices such as delayed
feeding initiation, feeding interruptions with less than
optimal resumption, along with issues of tube dislodge-
ment or obstruction, provider discomfort with feeding
practice, and lack of necessary equipment (replacement
feeding tubes, formula infusion pump, etc.) can cause
shortfalls in the planned volume of nutrition delivery
and worsen nutritional deficits during the phase where
nutrition is needed most for recovery. The ASPEN/
SCCM adult and pediatric Critical Care Nutrition Sup-
port Guidelines recommend the use of EN feeding pro-
tocols as a strategy to increase the delivery of EN.17,29

Adult patients

The choice of feeding tube may be based on the esti-
mated duration of EN provision. In general, if the dura-
tion of EN is expected to be less than 6 weeks, a feeding
tube is inserted through the nose to the gastric cavity, the
duodenum, or the proximal portion of the jejunum.
However, if the anticipated duration of EN is greater
than 6 weeks, a more permanent GI tract access device
is necessary, and the patient requires placement of a gas-
trostomy, jejunostomy or gastrojejunostomy tube. The
type of tube used is dependent on patient needs, safety,
and comfort.

Once the appropriate EN feeding tube is in place, and
the energy and caloric needs of the patient are deter-
mined, a suitable formula is prescribed with appropriate
dosing to meet the patient’s needs. Formula selection is
best performed by a registered dietitian experienced in
working with ICU patients, in collaboration with the
clinical team to meet patient-specific nutritional needs.
Specialty formulas are available for specific disease
states such as renal or pulmonary disease, as well as
immune-enhanced formulas. However, data on the asso-
ciation of immune-enhanced formulas with improved
patient outcomes are limited.17

Pediatric patients

In critically ill children with an intact and functioning
GI tract, EN is the preferred method of nutrient delivery.
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Results from a pilot study observed that bolus gastric
feeding improved EN delivery more than continuous
EN in mechanically ventilated, critically ill children.51

Studies of early EN in children with thermal injuries
have demonstrated reduced caloric deficits and
improved protein retention.52 In general, EN in critically
ill children is associated with improved feeding toler-
ance and early attainment of energy and protein goals.
EN should be initiated within 48 h of ICU admission un-
less contraindicated.37 Similar to adult patients, formula
prescription for critically ill children is selected to meet
the needs of the patient. In addition, patient age must
be considered as well as the protein source. For example,
whey protein based formulas are thought to accelerate
gastric emptying, which may decrease the risk of reflux
of gastric contents.53

G. Parenteral Nutrition

Parenteral nutrition (PN) is the IV formulation of nu-
trients consisting of carbohydrates delivered as
dextrose, protein as amino acids, fat as lipid emulsion,
and micronutrients as indicated for those patients who
are unable to meet nutritional needs solely via the GI
tract or where use of the GI tract is contraindicated.
For the adult ICU patient of low nutritional risk, the
recommendation is to withhold PN for the initial week
of illness. However, in adults with high nutrition risk,
when EN is not feasible, exclusive PN should be initi-
ated as soon as possible after ICU admission.6 In both
adult and pediatric patients, initiation of PN after a
week of ICU admission is associated with decreased
infection risk, increased number of ventilator free
days, and reduced duration of hospitalization.54,55 How-
ever, the adult trial that observed these outcomes has
been criticized because the subjects were low-risk
(3 days of ventilation), largely postcardiac surgery pa-
tients who would not be fed in many clinical settings.
Large multicenter RCTs in adults have shown that PN
did not result in greater mortality56,57 or increased infec-
tious complications over EN.57 The earlier recommenda-
tions for EN over PN due to lower infectious risk were
based on data for provision of PN before the under-
standing of the negative impact of excess energy provi-
sion and those due to hyperglycemia were fully
appreciated. By contrast, modern practice includes
avoidance of overfeeding, glycemic control, and careful
IV catheter care.

As PN is a hyperosmolar solution that relies on car-
diovascular circulation for dilution, PN administration
requires central venous access for safe delivery. While
PN can be given peripherally, the osmolality should be
diluted to less than 900 mOsm/L to decrease the risk
of phlebitis in peripheral veins. In addition, peripheral
PN often does not deliver full nutrient requirements

for critically ill patients. These patients may also have
challenging peripheral IVaccess due to edema. For these
reasons, the use of peripheral PN is not recommended.

H. Refeeding Syndrome

Refeeding syndrome constitutes a constellation of
symptoms related to the reintroduction of calories after
an extended period with limited energy intake. As a
metabolic adaptation to starvation, insulin secretion is
reduced while glucagon and growth hormone secretion
is increased. Endogenous fats and proteins are the pri-
mary source of energy, while lean mass with its associ-
ated mineral components is reduced with weight loss.
The rapid introduction of carbohydrates to the system
during refeeding leads to an abrupt shift from
glucagon-driven oxidation of endogenous fuel sources
to insulin-driven utilization of exogenous glucose for
fuel. This sharp increase in insulin response leads to a
shift of glucose into the cells and concurrently drives
the migration of electrolytes such as potassium, phos-
phorus, and magnesium into the cell. The combination
of depleted body stores of potassium, phosphorus, and
magnesium, together with the rapid intracellular migra-
tion of these electrolytes, induces hypokalemia, hypo-
phosphatemia, and hypomagnesemia, with the most
prominent being low phosphorus concentrations (Ta-
ble 32.2). Potential complications related to refeeding
syndrome include heart failure with dysrhythmias, hy-
perglycemia, respiratory failure/fatigue, anemia, red
blood cell lysis, and immune suppression.58 Recovering
ICU patients are at increased risk for refeeding syn-
drome, and reintroduction of EN or PN must be imple-
mented with caution and with close monitoring of fluid
and electrolyte status with repletion as indicated.

II. PATHOPHYSIOLOGY AND
NUTRITION MANAGEMENT OF

SPECIFIC CRITICAL ILLNESS STATES

A. Sepsis and Multiple Organ Dysfunction
Syndrome

Annually approximately 270,000 people in the United
Status die from sepsis, which is an extreme, life-
threatening response to infection characterized by
inflammation, capillary leak, and fluid shifts with organ
dysfunction. Patients with sepsis are often malnour-
ished at ICU admission and frequently do not receive
nutrition support during the first days of illness due to
unstable clinical status. Even previously healthy pa-
tients are at risk for developing malnutrition due to an
increase in metabolic rate and the inflammatory
response that are characteristic of sepsis. A variety of

Section C. Clinical Nutrition

32. NUTRITION SUPPORT IN CRITICALLY ILL ADULTS AND CHILDREN594



metabolic derangements, including changes in carbohy-
drate, protein, and fat metabolism, are driven by the
acute phase response mediated by counterregulatory
hormones and inflammatory cytokines. The most notice-
able changes include increases in gluconeogenesis and
glycogenolysis (early), proteolysis and lipolysis with
resulting stress hyperglycemia and insulin resistance,
hypertriglyceridemia, and negative nitrogen balance.
Energy expenditure is highly variable in sepsis and mul-
tiple organ dysfunction states and is influenced by vari-
able lean body mass, severity of illness, and ICU
interventions (including sedation, mechanical ventila-
tion, and steroid and vasoactive medications).

The early phases of sepsis are frequently accompa-
nied by organ hypoperfusion. Tolerance to oral feeding
or EN drastically decreases with hypoperfusion to the
gut. In the kidneys, the consequence of hypoperfusion
is acute kidney injury (AKI), which results in an accu-
mulation of nitrogenous compounds, imbalances of
electrolytes and minerals, development of metabolic
acidosis, and fluid retention. Decreased glomerular
filtration rate (GFR) leads to hyperkalemia, hyperphos-
phatemia, and hypermagnesemia, while increased fluid
retention leads to hyponatremia, hypochloremia, and
hypocalcemia (Table 32.2). Monitoring of electrolyte sta-
tus in AKI is crucial.59

Adult patients

Both the 2016 Surviving Sepsis Campaign60 and the
2016 ASPEN Guidelines for Nutrition Support in the
adult critically ill patient17 recommend early EN, once
resuscitation is complete and the patient has attained he-
modynamic stability. Early EN is associated with better
clinical outcomes, possibly by preventing gut mucosal
atrophy and bacterial translocation. If the patient is un-
able to attain full EN, then small volume trophic/hypo-
caloric feeds are acceptable. Even trophic/hypocaloric
feeds preserve gut integrity, potentially decrease inflam-
mation, and to a lesser degree, abate the caloric deficit
that accumulates early in the course of illness. Neither
guideline recommends administering PN within the
first few days of illness when EN is not possible.6,19

However, an Australian RCT employing current strate-
gies of catheter care, glycemic control, and avoidance
of overfeeding energy confirmed that early PN was
not associated with worse outcomes when early EN
was relatively contraindicated.56

Pediatric patients

Data from a recent global study of pediatric severe
sepsis reported that severe undernutrition status was
associated with higher all-cause ICU mortality while se-
vere overnutrition/obesity status was associated with
greater ICU length of stay.61 Studies of critically ill

children with severe sepsis using measured energy
expenditure have observed that these children often
have persistently negative energy and nitrogen balances
during the first week of illness.62e64 However, these
findings were confounded by timing and frequency of
measurements, as well as challenges with providing
consistent nutrition support.

The 2012 Surviving Sepsis Campaign pediatric guide-
lines recommend EN in children whenever possible and
PN in those who are unable to tolerate EN once hemody-
namically stable. Limited studies have demonstrated
that early EN is associated with lower mortality in gen-
eral populations of critically ill children. The multicenter
pediatric version of the effect of early parenteral nutri-
tion to complete insufficient enteral nutrition in ICU pa-
tients (PEPaNIC) trial observed that initiation of PN
within 24 h of ICU admission was associated with worse
clinical outcomes compared to delayed initiation in crit-
ically ill children at medium to high risk of malnutri-
tion.55 Children with sepsis frequently require
increased glucose delivery and consequently increased
fluids. To manage fluid imbalances during sepsis, renal
dialysis therapies may be required with corresponding
adjustments in nutrition therapy. While studies of
immune-enhancing diets have not demonstrated
improved outcomes in critically ill children, preexisting
immune status may influence outcomes. Recent data65,66

suggest that diets with whey-based protein may be asso-
ciated with a decrease in acquired sepsis in critically ill
immune-competent children without lymphopenia,
while increased supplementation of Zn, Se, and gluta-
mine appeared to be protective for critically ill immuno-
compromised children.

B. Acute Respiratory Failure, Acute Lung
Injury, and Acute Respiratory Distress
Syndrome

Acute respiratory failure (ARF) occurs when respira-
tory muscle demand for metabolic substrate and oxygen
delivery exceeds supply. The energy cost of breathing,
duration of contraction per breath, velocity of contrac-
tion, operational length of muscle fibers, energy supply,
efficiency of muscles, and state of muscle training can
all influence respiratory failure.67 Prolongedmalnutrition
can affect diaphragmatic structure and function, impair-
ing the ability of the diaphragm to generate force. ARF
due to acute neuromuscular weakness is often associated
with hypermetabolism, with consequent muscle wasting
and negative nitrogen balance. Prolonged mechanical
ventilation particularly with sedation and neuromuscular
blockade reduces metabolic expenditure and also predis-
poses the patient to respiratory muscle atrophy with
potentially deleterious consequences for survivors.
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Under normal conditions, inspiration accounts for
almost all the work of the breathing cycle. Nearly half
of the work of breathing during inspiration dissipates
as heat to overcome frictional resistance to chest wall
deformation. The remaining inspiratory work is stored
as potential energy to perform the work of expiration.
Increased airway resistance and decreased respiratory
compliance impose a greater workload on the respira-
tory muscles and increase the oxygen cost of breathing.
Eventually, respiratory failure may ensue due to muscle
fatigue.

Macronutrient metabolism uses oxygen to create ATP
and produces carbon dioxide (CO2) as a by-product
through aerobic respiration, while anaerobic respiration
creates lactate. These waste products enter the bicarbon-
ate/carbonic acid buffering system in the blood stream
for transport to the lungs for exhalation in the form of
CO2. This process requires a functional respiratory sys-
tem. Any condition that impairs this vital gas exchange
in the lungs increases circulating CO2 thereby disturbing
acidebase balance. Excessive or overfeeding disrupts
CO2 and oxygen exchange, placing an increased burden
on the lungs, and can worsen ARF. Patients who are un-
able to adequately clear CO2 from blood require me-
chanical ventilation to remove CO2 and preserve
acidebase balance.

Gut dysfunction also plays an important role in the
pathogenesis of ARF, acute lung injury, and acute respi-
ratory distress syndrome (ARDS). As per the “gut
lymph” hypothesis, the injured gut allows translocation
of bacteria and bacterial products together with cyto-
kines and toxins across damaged intestinal barriers
into the lymphatic system; this activates alveolar macro-
phages and the inflammatory cascade that causes ARDS.
In the “intestinal crosstalk” theory, disruptions of the in-
testinal microbiota, immune system, and intestinal
epithelial barrier result in systemic inflammation and
development of ARDS.68

In ARDS, the goals of optimal nutrition are to modu-
late cytokine responses, improve antioxidant defenses,
preserve gut integrity, and support the patient during
the hypermetabolic phase by minimizing catabolism
and reducing the risk of malnutrition. Avoidance of
overfeeding and/or underfeeding the patient with
ARDS is critical to avoid complications and further
decline in respiratory status. Overfeeding is associated
with delayed ventilator weaning, lipogenesis, hepatic
dysfunction, hyperglycemia, increased mortality, and
prolonged hospitalization.68,69 Complications associated
with underfeeding include delayed ventilator weaning,
impaired protein synthesis, organ failure, and an
increased risk of hospital associated infections, particu-
larly sepsis.68,69

While measured energy expenditure by IC maybe su-
perior to predictive equations to determine energy

expenditure, IC is not accurate for any mechanically
ventilated patient requiring high inspired oxygen con-
centrations (FiO2 � 60%) and high mean airway pres-
sures. Energy expenditure is quite variable in ARF and
is often influenced by severity of illness, and ICU inter-
ventions (including sedation, mechanical ventilation,
and steroid and vasoactive medications). Thus, IC is un-
usable for the early stages of many ICU patients
requiring mechanical ventilation.

Nutritional deficits can easily accumulate in critically
ill patients with ARDS and other causes of respiratory
failure. Competing priorities of ICU care may require in-
terruptions in delivery of feedings. Various tests and
procedures in the ICU often require that EN be stopped
for concerns of patient safety. Preparation for extubation
frommechanical ventilation can interrupt EN for several
hours. Once extubated, the patient is often observed for
an extended period (hours to days) prior to resumption
of EN to ensure that a stable respiratory status is
achieved and maintained. Additionally, it is not uncom-
mon for EN to be resumed at a lower infusion rate than
prior to the interruption, further extending the risk for
nutrition deficit. Dysphasia can occur following a pro-
longed intubation, necessitating a swallow evaluation
which can delay the resumption of oral feeds or EN,
and put the patient at risk for further caloric, protein,
and micronutrient deficits.

Adult patients

The current recommendations for nutrition support
in ARF and ARDS are the same as those generally
used for critical illness. In the absence of IC, initiation
of nutrition support at 25e30 kcal/kg/day of dosing
weight and 1.5e2 g/kg/day of protein in the nonobese
adult is recommended.17 To decrease burden on the
lungs in those patients with persistently high pCO2

despite adjustments in mechanical ventilation, reduc-
tion in carbohydrate load may be considered. If the pa-
tient is also in a volume-overloaded state with fluid
retention, the use of a more concentrated formula
providing up to 2 kcal/mL may be appropriate. Since
hypophosphatemia is common in critically ill patients
with risk for further respiratory muscle weakness,
serum phosphorus concentration should be monitored,
and phosphorus repleted as needed.17

Pediatric patients

A retrospective study demonstrated that adequate en-
ergy and nutrient delivery in children with ARDS was
associated with improved clinical outcomes.52 Protein de-
livery may be even more important than energy deliv-
ered. There is no current evidence to guide initiation,
advancement, or withholding of EN for patients with
ARDS. EN intolerance is common inmore than 50% of pa-
tients with ARDS making it an important cause for
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inability to attain target energy and protein goals. Many
studies report that only 40%e75% of median goal calories
are delivered over the first 7 days in children with ARDS.
While EN is preferred over PN, if target EN is not
achieved within 72 h of onset of ARDS, initiation of PN
should be considered to supplement or replace EN and
prevent worsening malnutrition.68,70 Immune-enhancing
formulas containing omega-3 fatty acids and antioxidants
are associated with improvements in the biochemical in-
flammatory profile,71 but these changes have not trans-
lated to clinical benefits (compared to standard enteral
formulas) in children with ARDS.

C. Acute Kidney Injury

AKI is characterized by an abrupt decline of renal
function causing decreased GFR and diminished renal
tubular function. Clinical manifestations of AKI include
fluid overload, decreased urine output with an associ-
ated rise in serum creatinine, BUN concentration, and
electrolyte imbalances. As the GFR declines, electrolyte
abnormalities such as hyperkalemia, hyperphosphate-
mia, and hypermagnesemia ensue (Table 32.2). Addi-
tional complications include glucose intolerance,
azotemia, and acidosis. Restricting potassium and phos-
phorus intake alongwith careful fluidmanagement is an
essential aspect for optimal management of AKI. Cur-
rent clinical consensus favors early initiation of renal
dialysis to prevent complications and support initiation
of adequate nutrition provision.59 In patients with AKI,
baseline and ongoing weight assessment is essential to
assess fluid management, direct other aspects of ther-
apy, and prescribe nutrition. Patients with AKI often
become hypercatabolic and have altered metabolism.
Nutrition requirements are generally unchanged when
AKI accompanies sepsis. Fluid management, usually
in the form of restriction, often predicts nutrition deliv-
ery and places the patient at risk for nutrient deficits due
to decreased nutrition therapy.59,70,72e74

Adult patients

Nutrition management is an important component to
deliver optimal care in patients with AKI. Return of renal
function with a decrease in protein catabolism and
improved nitrogen balance may be favorably influenced
by provision of adequate nutrition therapy.59 Priority is
given to attainment of positive energy balance and neutral
nitrogen balance along with restoration of electrolyte and
appropriate fluid balance. Ongoing inflammation can pro-
long renal dysfunction. Therefore, it is imperative that the
underlying disease be treated. Reasonable targets for so-
dium, potassium, and phosphorus administration are
2e3 g/day (87e130 mmol), 2e3 g/k/day (50e80 mmol),
and 8e15 mg/kg (0.25e0.48 mmol/kg) per day,

respectively.59 However, it is essential to monitor these
serum electrolyte concentrations frequently and adjust
intake as indicated.

Pediatric patients

No standards exist for estimating requirements or
provision of adequate nutrition therapy for critically ill
children with AKI. Nutrition requirements in AKI are
unchanged from standard age-based recommendations.
Recognizing that hypercatabolism, metabolic, and fluid
shifts are common in this population, a primary goal
of nutrition therapy is to prevent or abate catabolism.
A recent study demonstrated that less than 68% of en-
ergy and less than 35% of protein needs were delivered
by day 5 of illness to critically ill children with AKI.73 To
facilitate optimal nutrition delivery, consideration
should be given to early initiation of renal dialysis
with close monitoring of fluid status and electrolyte bal-
ance. Following guidelines for patients with chronic
kidney disease, use of nutrient-dense, low-solute and
low-volume formulas is recommended to meet nutri-
tional requirements.75

D. Cardiovascular Disease States

Cardiovascular disease is the leading cause of mortal-
ity in adults accounting for one in every three deaths,
with heart failure occurring in 20% of all Americans
over the age of 40.67 In general, heart failure (which
can involve either the left, right, or both sides of the
heart) results in an inability to adequately circulate
blood in the systemic circulation. Left-sided heart failure
causes fluid congestion in the pulmonary circulation,
while right-sided failure results in fluid congestion in
the systemic circulation with both types constituting
congestive heart failure (CHF). The hallmark symptoms
of CHF are dyspnea, fatigue, and fluid retention. Medi-
cal therapies center on relief of the vascular congestion
and are accomplished through vasodilation, diuresis,
and in severe cases, use of inotropic agents.

The normal myocardium uses fatty acids, lactate, and
glucose to meet energy needs. The failing myocardium
preferentially uses glucose via glycolytic pathways as
an adaptive mechanism to conserve energy and reduce
oxygen losses. The glucose transporter protein GLUT-4
facilitates myocardial glucose uptake and is upregulated
during the early stages of cardiac failure. If cardiac fail-
ure progresses, continuous activation of the sympathetic
nervous system results in lipolysis with elevated plasma
free fatty acids that predispose to insulin resistance. In-
sulin resistance results in impaired glucose oxidation
and worsening of myocardial energetics.
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Adult cardiovascular disease

Malnutrition is common in CHF and is related to a
combination of fluid restriction and increased energy
expenditure from increased metabolic demands. CHF
can predispose patients to anorexia and disturbances
in GI function including malabsorption, hepatic conges-
tion, intestinal edema, and gastroesophageal reflux.
Additionally, these patients are at risk for micronutrient
deficiencies. The micronutrients of greater concern are
magnesium and thiamine as these deficiencies can exac-
erbate symptoms of CHF. Magnesium deficiency can
also alter renal handling of sodium and potassium lead-
ing to a positive sodium balance with renal potassium
wasting resulting in increased fluid retention. Thiamine
is a key coenzyme in metabolism of macronutrients to
ATP; therefore, thiamine deficiency leads to decreased
energy availability for cardiac function.76 In patients
with CHF, nutrition status and assessment of metabolic
state are often unpredictable in critical illness states. In
10%e15% of patients with CHF, cardiac cachexia will
ensue causing a 6% drop in nonfluid body weight that
is refractory to increased nutrition therapy, accompa-
nied by a rapid drop in lean muscle mass. In patients
with cardiac cachexia, 18-month mortality is approxi-
mately 50%.76

Pediatric cardiovascular disease

Nearly 40,000 infants are born annually in the United
Status with congenital heart disease (CHD).77 Children
with CHD are at increased risk for malnutrition, ranging
between 15% and 65%.78 Malnutrition in children with
CHD is due to multifactorial causes and results from
increased energy needs concurrent with inadequate
nutrition intake resulting in an energy imbalance. Nutri-
tion delivery is often impeded due to ongoing needs for
vasopressor support and fluid intake restrictions. Also,
these children have a high incidence of EN intolerance
related to intestinal edema, oral aversion, and inadequate
feeding skills. CHD is often part of a spectrum of genetic
abnormalities that may have a role in energy balance and
malnutrition in this population of infants.79 Preopera-
tively, children with CHD, particularly those with
cyanotic disease, have higher resting energy expenditure
(REE) compared to healthy children.80,81 Following surgi-
cal palliation or complete repair, some studies have
observed that differences in REE dissipate.82,83 Other
studies have observed no differences in REE before and
after surgery or between those infants with cyanotic
and noncyanotic disease.84 Additionally, studies have
shown no differences in EE between infants with pallia-
tive intervention, completely repaired infants, and
healthy infants following surgical intervention.85,86 Due
to the variable results from numerous studies in this pop-
ulation, the question of energy expenditure and its

relationship to malnutrition in children with CHD re-
mains essentially unanswered. Negative nitrogen balance
is common in this population due to increased protein
metabolism and turnover, and this may be indicative of
skeletal muscle wasting. However, due to limited evi-
dence, protein needs in children with CHD remain
largely unknown. Postoperative risk factors for malnutri-
tion in these children include frequent feeding interrup-
tions, vocal cord dysfunction, and protein-losing
enteropathy, especially in those with single ventricle
physiology. Children who require staged palliative repair
for CHD are at particularly high risk for malnutrition.
Overall, malnutrition in infants and children with CHD
is associated with suboptimal clinical outcomes (greater
ICU length of stay, prolonged mechanical ventilation,
and increased risk of hospital acquired infections),
growth failure, and neurodevelopmental impairment.87

Adult patients

Energy and protein recommendations in CHF are
identical to those for sepsis and respiratory failure with
an added emphasis on preventing further fluid retention.
Concentrated formulas that provide 1.5e2 kcal/mL may
be more appropriate for providing adequate nutrition
while restricting fluid intake. However, the hyperosmo-
larity of these formulas may draw water into the GI tract,
increasing the risk of osmotic diarrhea and electrolyte
imbalances.

Pediatric patients

Early postoperative EN has demonstrated decreased
intestinal complications, improved anthropometric
measurements, and better outcomes in children with
CHD.88 While human milk is the preferred form of
nutrition, it often needs fortification with additional cal-
ories to provide optimal energy intake in infants with
CHD. Infants with CHD, especially those with single
ventricle physiology, often require an enteral feeding
tube to attain adequate energy, protein, and fluid intake
to meet nutritional requirements. These infants may
benefit from early PN in both the preoperative and early
postoperative periods in conjunction with enteral feeds
(as tolerated) to optimize nutrient intake. Consultation
with a registered dietitian to prescribe nutrition in these
infants coupled with use of a feeding protocol can
achieve enhanced nutrient delivery.78,89,90 It is also
important to recognize behavioral and neurodevelop-
mental aspects of care that are necessary for the growing
infant, including attention to cues for feeding readiness.
No specific recommendations exist for energy and pro-
tein intake to support recovery from cardiac surgery
and optimize postoperative growth in infants and chil-
dren with CHD. Though target energy intake between
120e150 kcal/kg/day in infants is believed to be neces-
sary to facilitate daily weight gain up to 30 g/day, data
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suggest that only two-thirds of both well-nourished and
malnourished children (including infants) met their pro-
tein and energy requirements by day 7 following correc-
tive cardiac surgery.78 A systematic approach to feeding
that includes ICU care bundles, while optimizing energy
and protein intake is essential to support nutrient intake
in children with CHD. Monitoring anthropometry mea-
surements and the overall clinical status of the infant
and child are the best approaches to nutritional care
for children with CHD to improve short- and long-
term patient outcomes.

E. Traumatic Brain Injury

Traumatic brain injury (TBI) results from blunt or
penetrating trauma to the head and is responsible for
50,000 deaths per year in the United States.91 The
severity of TBI is staged according to degree of con-
sciousness measured through the Glasgow Coma Scale
and ranges from mild to severe TBI. Following the pri-
mary injury, the brain experiences altered regulation of
cerebral blood flow and nutrient metabolism. Nutrient
oxidation in the brain switches from favoring oxidative
phosphorylation to anaerobic respiration, likely due to
depleted oxygenation, causing an increase in lactic
acid levels with resultant edema and a decrease in
ATP production. This drop in available energy leads to
a decrease in the activity of energy-dependent ion
pumps, further dysregulating the ability to maintain
normal cellular gradients, leading to a series of events
driven by excessive glutamate release that triggers cata-
bolic processes within the cell and increase oxidative
stress.92 The timing of initiation of nutrition therapy
has been shown to impact outcomes in patients with
TBI, and specific nutrients have been theorized to
impact some of the secondary effects of cerebral edema,
oxidative stress, and inflammation in TBI.93

The developing healthy brain almost exclusively
uses glucose as a metabolic fuel for energy needs and
biosynthesis. In addition to using glucose, activated
neurons use lactate as an energy substrate. When
glucose supplies are limited, the brain uses ketone
bodies, free fatty acids, and amino acids as alternative
fuels for metabolism. The metabolic stress response of
critical illness affects cerebral metabolism in many
ways. Prolonged or recurrent severe hypoglycemia
can result in neurologic injury, especially in the setting
of hypoxia and ischemia. Insulin-induced hypoglyce-
mia may be more injurious to the developing brain
than spontaneous hypoglycemia due to the lack of
available alternative fuels, ketones, and fatty acids.
The resulting energy failure mediates neuronal damage
via glutamate-induced excitotoxicity, accumulation of

oxygen free radicals, and activation of cellular
apoptosis. Glucose overload results in increased pro-
duction of reactive oxygen species, impaired vasodila-
tation, cellular apoptosis, and neuronal failure.
Alterations in protein metabolism result in glutamate-
induced neurotoxicity and alterations in lipid meta-
bolism which predispose the patient to memory loss
and cognitive deficits.

Adult patients

The 2016 ASPEN Guidelines for Nutrition Support in
critically ill adult patients recommend initiation of EN in
the hemodynamically stable patient with TBI within
24e48 h of injury but do not provide specific guidelines
for energy and protein delivery. This recommendation
is largely based on observational data that noted associa-
tion of decreased mortality with early EN.94,95 An RCT
that enrolled 82 head injured subjects requiring mechan-
ical ventilation found that those randomized to meet goal
energy requirements on day 1 had fewer infections and
overall complications compared to standard care.96 Sup-
plements such as Zn, magnesium, and nicotinamide are
associated with decreased secondary effects of TBI such
as decreased oxidative stress, inflammation, and
apoptosis in animal models.93

Pediatric patients

TBI in children is associated with hypermetabolic
states ranging from 130% to 170% higher than predicted
energy expenditure for age, sex, and size.97 Seizures and
elevated temperatures are common derangements that
occur following TBI and potentially increase energy
expenditure. Additionally, elevated muscle tone may
account for a significant component of increased energy
expenditure.98 After an initial transient increase
in glucose metabolism, the patient may experience a
prolonged period of apparent age-dependent, reduced
glucose metabolism. In a retrospective multicenter
study,99 children with severe TBI were more likely to
have delayed initiation of EN, which was an indepen-
dent risk factor for worse functional status at ICU
discharge. Contemporary care with guideline-based
therapies such as antiepileptic medications, antipyretic
therapies, and mechanical ventilation using sedation
with neuromuscular blockade can significantly reduce
mean energy expenditure. While adult guidelines
for TBI recommend early EN, the 2019 guidelines for
management of severe TBI in pediatric patients loosely
endorse early EN in the absence of strong evidence to
support such an approach. The 2017 ASPEN/SCCM
guidelines for Nutrition Support in critically ill children
recommend early EN if appropriate and tolerated by
critically ill children.100
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TABLE 32.5 Gaps in the current adult ICU nutrition literature.

Research domain topic Topic

Protein dose • Comparison of different levels of protein dosage at different levels of passive and active limb mobilization
in postacute illness and recovery

• explore the impact of high- versus low protein dosage in context of permissive underfeeding

Energy dose • Comparison of different levels of calorie exposure at different levels of passive and active limbmobilization
in acute and postacute illness as well as in recovery

Nutrition assessment • Randomized control trials are needed to validate specific nutrition assessment tools for the exploration of
group-specific nuances of benefits/harms of specific nutritional therapies

• explore bedside methods for determining skeletal muscle mass and for charting/predicting improved
function

EN infusion method • explore impact of continuous versus intermittent enteral nutrition on markers of muscle preservation as
well as mortality and functional status

Parenteral micronutrient
supplementation

• Pragmatic trials to explore effect of parenteral supplementation of 100% of micronutrient needs until full
enteral nutrition is possible on functional recovery/mortality

EN tolerance • Examine usage of prokinetic agents when patient is intolerant to EN

TABLE 32.6 Gaps in the current pediatric ICU nutrition
literature.

Research domain topic Topic

Malnutrition in pediatric critical
illness

• Define malnutrition as it
related to pediatric critical
illness

• Describe and define phases of
critical illness

• Impact of critical illness on
body composition (muscle
mass)

Nutrition assessment • Nutrition assessment tool for
critically ill children

• Impact of nutrition status at
PICU admission on delivery of
care and outcomes

• ID changing nutrition status
• Measures of muscle wasting

Energy requirements in critical
illness

• Timing for assessment of
energy requirements

• Variables that impact energy
expenditure

• Develop and validate a
physiology-based predictive
equation for energy needs in
critical illness

Protein intake • Determination of protein goals
• Impact of early protein

delivery on preservation of
muscle mass

• Combined protein delivery and
early mobilization on mobility
function

• Optimal approach for protein
delivery

Pharmaconutrition • Role of micronutrients in
critical illness

• Impact of pharmaconutrition
on outcomes

TABLE 32.6 Gaps in the current pediatric ICU nutrition
literature.dcont’d

Research domain topic Topic

Enteral nutrition • Site for EN
• Impact of EN on gut

(microbiome, motility,
integrity)

• Impact of nurse-driven feeding
protocols on outcomes

• Define permissive
underfeeding and its impact on
outcomes

Feeding intolerance • Define EN feeding
intolerance

• Develop a tool to ID feeding
intolerance

• Indications for small bowel
feeding

• Use of probiotics

Parenteral nutrition • Optimal timing of initiation of
PN

• Role of PN supplementation

Nutrition therapy • Impact of combined targeted
nutrition strategy on early
mobilization/rehabilitation

• Impact of catch-up feeding
regimes

• Nutrition status at discharge
and long-term outcomes

Nutrition therapy in special
population

• Identify “readiness to feed” for
high-risk groups

• Nutrition requirements in AKI
or CKD

• Nutrition needs and
optimal feeding in
noninvasive
ventilation

• Optimal EN on vasoactive
medications; “safe dose”
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III. CONCLUSION

Optimal nutrition is essential to improving outcomes
in critically ill patients. Lack of careful attention to nutri-
tion therapy while administering additional treatments
during critical illness can result in development of
nutrient deficits or excesses (if overfeeding) in both
adults and children. Accurate nutrition assessment,
obtaining anthropometric measurements, determining
nutritional requirements, and the prescription and de-
livery of nutrients all present challenges when caring

for critically ill patients. However, lack of attention to
the nutritional needs of patients puts them at risk for
nutritional deficits, which can delay recovery and heal-
ing. There is an urgent need for robust nutrition research
and refinement of evidence-based guidelines for nutri-
tion therapy in critically ill patients. A comprehensive,
interdisciplinary approach to development of disease-
specific best practices in nutrition therapy for critically
ill adult and pediatric patients is necessary to diminish
barriers and improve the delivery of nutrition care and
optimize clinical outcomes.

RESEARCH GAPS

Adults

In 2017, an international panel of renowned nutrition researchers collaborated to identify areas of uncertainty
and gaps in the adult critical care nutrition literature. Their literature review101 revealed a dearth of knowledge
in protein/calorie dosage during rehabilitative therapies, nuanced feeding therapies to address the individual-
ized patient needs, impact of different enteral feeding methods, and more (Table 32.5).

Pediatrics

Using a 3-round Delphi process, an interdisciplinary group of experts devised a 10-point domain for research
topics in nutrition support for Pediatric Critical Care, an abbreviated presentation of the topics identified in
each domain is presented in Table 32.6.102
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SUMMARY

In this chapter, we aim to describe the important features of malnutrition and cachexia in patients with
cancer, in addition to assessment of nutritional status and symptoms affecting nutritional status in this
group of patients. Furthermore, nutritional interventions will be described in accordance to relevant
clinical guidelines both for patients currently receiving anticancer treatment and patients receiving
palliative care. We have particularly emphasized the role symptoms and side effects of anticancer
treatment in the development of malnutrition in patients. Systematic symptom assessment is strongly
recommended in addition to nutritional risk screening. Furthermore, we advocate that evaluation of
physical performance status should be included when goals for nutritional treatment are set. Nutrition
support for patients with cancer is described with focus on enteral and parenteral nutrition. The chapter
concerns cancer diagnosis in general, and different types of cancer are mentioned as examples, but not
described in detailed.

Keywords: Cancer cachexia; Malnutrition; Nutritional assessment; Nutritional treatment; Patients.

I. NUTRITION IN CANCER

According to the European Society of Clinical Nutri-
tion and Metabolism (ESPEN) Guidelines for nutrition
in patients with cancer, there are no diets known to
cure cancer or prevent cancer recurrence.1 However,
the international organization World Cancer Research
Fund (WCRF) that regularly analyses the evidence on
cancer prevention and survival recommend cancer sur-
vivors (people diagnosed with cancer, including those
who have recovered) to follow the recommendations
for cancer prevention if they can.2 Following the recom-
mendations are likely to promote nutritional adequacy
and a healthful body composition. The recommendations

are therefore also applicable for patients living with can-
cer whowant to follow a healthful diet, unless they strug-
gle with weight loss or are advised otherwise by their
physician or other health professionals. Table 33.1 sum-
marizes the cancer prevention recommendations and
comments on the evidence base associated with each
recommendation. The main points are that people should
maintain a healthy weight, be physically active, and eat
whole grains, vegetables, fruits, and beans. The con-
sumption of processed foods high in fat, starches or
sugar, red and processed meat, and sugar sweetened
drinks and alcohol should be limited. In addition, it is rec-
ommended tomeet these nutritional needs through foods
alone, rather than not through dietary supplements,
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TABLE 33.1 The World Cancer Research Fund cancer prevention recommendations with comments.

1. Recommendation:

Be a healthy weight
Comments

Keep a weight within the healthy range (BMI of 18.5e24.9)
and avoid weight gain in adult life.

Convincing evidence that a healthy weight protects against cancers of
the esophagus (adenocarcinoma), pancreas, liver, colorectum,
breast (menopausal) and kidney.
Overweight and obesity is probably a cause of cancers of the mouth,
pharynx and larynx, stomach (cardia), gallbladder, ovary, and
prostate (advanced).

2. Recommendation:

Be physically active
Comments

Be at least moderately physically active and follow or exceed national
guidelines and limit sedentary habits

Convincing evidence that physical activitya protects against
colon cancer.
Physical activitya probably protect against the following:

Postmenopausal breast cancer and endometrial cancer.
Physical activity of vigorous intensity probably protects against
premenopausal breast cancer.
In addition, physical activity protects against weight gain,
overweight, and obesity and therefore against those cancers for
which these conditions are a cause (see recommendation 1).

3. Recommendation:

Eat whole grains, vegetables, fruit, and beans
Comments

Make whole grains, vegetables, fruits, and pulses (legumes) such as
beans and lentils a major part of your daily diet

Strong evidence that eating whole grains and food containing
dietary fiber protects against colorectal cancer.

4. Recommendation: Limit “fast food” Comments

Limit processed foods high in fat, starches, or sugarsedincluding
fast foods

Strong evidence that glycemia load is a cause of endometrial cancer.
In addition, a high consumption of fast food can cause weight gain,
overweight, and obesity and therefore increase the risk of cancers for
which these conditions are a cause (see recommendation 1).

5. Recommendation: Limit red and processed meat Comments

Eat no more than moderate amountsb of red meat and little, if any,
processed meat

Strong evidence that consumption of either red or processed meat
are causes of colorectal cancer.

6. Recommendation: Limit sugar-sweetened drinks Comments

Drink mostly water and unsweetened drinks Consumption of sugar-sweetened drinks can cause weight gain,
overweight, and obesity and therefore increase the risk of those cancers
for which these conditions are a cause (see recommendation 1).

7. Recommendation:

Limit alcohol consumption
Comments

For cancer prevention, it is best not to drink alcohol. Strong evidence that consumption of alcohol is a cause of cancers of the
mouth, pharynx and larynx, esophagus (squamous cell carcinoma),
liver, colorectum, breast (pre- and postmenopause), and stomach.

8. Recommendation: Do not use supplements for cancer prevention Comments

High-dose dietary supplements are not recommended for cancer
prevention. Aim to meet nutritional needs through diet alone.

Strong evidence that consumption of high-dose beta-carotene
supplements may increase risk of lung cancer in some people.
No strong evidence that dietary supplements, apart from calcium
for colorectal cancer, can reduce cancer risk.

9. Recommendation:

Mothers should be recommended to breastfeed their infants if
possible

Comments

Evidence on cancer and other diseases shows that sustained,
exclusive breastfeeding is protective for the mother and the child

Strong evidence that breastfeeding protects against the following:

Breast cancer in the mother and promotes healthy growth in the
infant. Breastfeeding protects children against overweight and
obesity and therefore against those cancers for which these conditions
are a cause.
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unless medically recommended. Finally, WCRF under-
scores and recommends breastfeeding, if possible, since
it protects against breast cancer in the mother and pro-
motes typical growth patterns in the infant.2

Patients with cancer with unintentional weight loss
and food intake are complicated by symptoms induced
by physical responses to tumor growth and side effects
of antineoplastic regimes. A primary focus is to ensure
sufficient energy intake to prevent decline in nutritional
status.1 Patients with cancer have one of the highest
prevalences of malnutrition,3 yet the prevalence tends
to vary depending on factors such as malnutrition assess-
ment techniques, setting, and heterogeneity within in the
population of oncological patients. Without treatment,
malnutrition contributes to a downward trajectory 4

and has consequences not only for the individual but
also for the society. Malnutrition in patients with cancer
is associated with adverse outcomes such as lower
survival rates and may be related to increased treatment
toxicity, reduced immune competence, psychosocial
stress, longer hospital stays, poorer quality of life, and
frailty.5 Societal consequences of malnutrition include
longer hospital stay, which increase hospital costs.6

It has been suggested that approximately 25%e30% of
patients with cancer die as a consequence of emaciation
rather than tumor growth in vital organ systems.7 Despite
this, it has not been well demonstrated that nutritional
therapy in patients with cancer who are malnourished
or at risk of malnutrition improves survival.1 On the
other side, there is good evidence that nutrition interven-
tions lead to increased food intake, weight gain, and
improvement in some aspects of quality of life. Thus,
nutritional interventions are an important part of the
medical treatment of patients with cancer, especially
with significant malnourished patients.

II. CANCER-ASSOCIATED WEIGHT
LOSS AND MALNUTRITION

A. Etiology and Pathophysiology

About 50% of all newly diagnosed patients with can-
cer experience unintentional (involuntary) weight loss.8

However, there is great variation in this rate between di-
agnoses. In patients with gastric and intestinal tract can-
cers, more than 80% have weight loss at the time of
diagnosis.8,9 In patients with colorectal cancer and
lung carcinoma, the estimated prevalence is 50%
e60%.8e11 Weight loss is less frequent in lymphoma,
leukemia, and breast cancer where the prevalence is re-
ported to be below 50%.8 The prevalence of weight loss
increases during treatment and disease progression
regardless of diagnosis, and more than 80% of patients
with advanced and incurable cancer experience weight
loss.12 If the weight loss is more than 5% of usual body
weight over a period of 6 to 12 months, it is defined as
clinically relevant.13

The etiology of weight loss in patients with cancer is
complex, but generally, it is attributed to two key com-
ponents: reduced dietary intake and increased energy
expenditure.1 Reduced intake is normally related to
poor appetite, poor uptake of nutrients due to patholog-
ical changes in the intestinal tract, and/or eating prob-
lems due to symptoms associated with the disease and
the anticancer treatment.14 The body thus breaks down
its own energy reserves, primarily fat, and also protein
(muscle), and results in weight loss. In cancer and specif-
ically in patients with incurable disease, weight loss may
occur as a result of metabolic changes including
increased energy expenditure.1,15 This occurs through
a variety of mechanisms related to the tumor growth
and metabolism and the host response to the tumor
(such as hormones and inflammatory cytokines). This
condition is referred to as cancer cachexia and is closely
connected to the underlying disease (see section “Cancer
Cachexia”).1,16 Patients with cachexia usually have
insufficient food intake in addition to increased resting
energy expenditure.15 The combination of these factors
causes the patient to lose weight faster than one might
expect from the metabolic changes alone.16 The possibil-
ity of cachexia must be taken into consideration when
assessing nutritional status and making therapeutic
decisions for the care of patients with cancer.

Inadequate food intake over longer periods of time
leads to changes in the nutritional status and result in
malnutrition. There is currently no universal agreement

TABLE 33.1 The World Cancer Research Fund cancer prevention recommendations with comments.dcont’d

10. Recommendation:

After a cancer diagnosis, follow WCRFs recommendation if possible
Comments

Unless otherwise advised from health personnel, all cancer survivors,
if they can, are advised to follow the Cancer Prevention
Recommendations as far as possible after the acute stage of treatment.
There may be specific situations where the Cancer Prevention
Recommendations may not apply and guidance from health
professionals may be needed.

There is currently a lack of high-quality randomized controlled trials
(RCTs) regarding nutrition, diet, and physical activity effect on risk of
cancer in cancer survivors. Due to this, WCRF has only reviewed the
evidence for the effects of these lifestyle factors on survival and future
risk in breast cancer. The evidence is persuasive that nutritional
factors, such as body fatness, and physical activity predict important
outcomes from breast cancer.

aof moderate or vigorous intensity, for example, walking, cycling, gardening (moderate-intensity) and running, fast swimming, and aerobics (vigorous intensity).
bno more than three (350e500 g/12e18 oz) portions per week.
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on the definition of malnutrition. In the 2017 guideline
from ESPEN, malnutrition is defined as “a state result-
ing from lack of uptake or intake of nutrition leading
to altered body composition (decreased fat free mass)
and body cell mass leading to diminished physical and
mental function.” 17 One recent study reported preva-
lence of malnutrition in hospitalized patients with
cancer measured with the Subjective Global Assessment
(SGA) method at two time points (2012, n ¼ 1677
participants and 2014, n ¼ 1913 participants) from a
population that was representative of all treatment set-
tings, tumor types, and stages of disease.18 The overall
prevalence of malnutrition was 31% in 2012 and 26%
in 2014. At both time points, patients with tumors in
the upper gastrointestinal tract, in addition to endocrine
and thyroid tumors, had the highest prevalence of
malnutrition (2012: 61%, 2014: 48%), followed by head
and neck cancer (2012:40%, 2014: 36%) and lung cancer
(2012: 37%, 2014: 33%). The lowest prevalence of malnu-
trition was reported for breast cancer (2012:14%, 2014:
13%). It is important to underscore that in patients
with advanced cancer with metastases, the prevalence
of weight loss and malnutrition tends to be higher.19

The pathophysiology of cancer-associated malnutri-
tion is complex due to underlying mechanisms and
cannot be explained by one singular factor.14 Conse-
quently, the development of malnutrition in patients
with cancer is a multimodal process due to the factors
that collude to decrease food intake, increase energy
and protein needs, decrease anabolic stimuli such as
physical activity, and alter metabolism in different organs
or tissues.1 Cancer-related factors that cause appetite loss
and eating difficulties include pain or mechanical
obstructions and treatment toxicity. Cancer-related
inflammation may lead to higher resting energy expendi-
ture and increased muscle catabolism, and metabolic
changes affect appetite regulation and lead to decreased
appetite.9,20 Poor appetite is considered of great impor-
tance in the development of cancer-related malnutrition,
and the effect is enhanced by the many symptoms that
potentially affect food intake during the disease course.21

Several studies have demonstrated strong associations
between cancer, symptom burden, and food intake. It is
unclear which nutritional treatment will reverse weight
loss or if some groups of patients will benefit more than
others from specific nutritional treatments.1

B. Role of Symptoms and Treatment-Related
Side Effects

A symptom is defined as any subjective evidence of
disease. In cancer, symptoms rarely occur in isolation
but coexist with others. It is reported that the cancer pa-
tient experience an average of 11e13 symptoms.22

Appetite loss is probably the most common nutrition-
related symptom in cancer, and it is independently
linked to survival.23 As mentioned, it may be caused
by the cancer itself and also by a number of other med-
ical symptoms leading to decreased appetite. Appetite
loss is found to coexist with symptoms such as nausea,
vomiting, taste changes, dry mouth, and fatigue.24

The symptoms associated with appetite loss and
compromised dietary intake are often referred to as
nutrition impact symptoms (NIS).10,25 NIS may occur
early in the disease course, for instance in patients
with pancreatic cancer, or NIS may emerge at an
advanced stage of the disease, such as in breast cancer
and lymphoma. It is also important to be aware that
NIS may continue after the end of treatment, which
may raise concern in patients of a permanent inability
to eat and enjoy food.26 Systematic symptom assessment
and management is therefore mandatory and of great
importance during the entire disease trajectory.27

Appetite loss

The regulation of appetite and satiety in the human
body is a complex process including peripheral
endocrine and neuronal signals as well as cognition,
perception, and learned behavior.28 Normally, nervous
signals provide information about energy consumption
and availability from recently ingested food as well as
energy stores, and the body uses this to maintain energy
homeostasis and body weight. In cancer and specifically
in cancer cachexia may several hormones and signaling
molecules be involved in the appetite regulation. This
includes insulin, leptin, ghrelin, corticosteroids, and cy-
tokines such as interleukin 1.29 It is also suggested that
inflammatory reactions caused by cytokines initiate
both appetite loss and mobilization of body energy
and protein reserves. These responses are thought to
reflect adaptive reactions intended to enact immune re-
actions and tissue repair, independent of food supply.

Disease and treatment-related symptoms

Tumors in the oral cavity, pharynx, esophagus, or
stomach can cause obstructions, making food difficult
to pass.30 The prevalence of swallowing problems among
patients with cancer varies with diagnosis, stage, and
treatment,31 but in general, these are associatedwith can-
cer of the ear, nose, throat, and esophagus. Swallowing
dysfunction can also occur in brain metastases or central
nervous system tumors.32 In addition to dysphagia, the
patient may experience pain when eating which may
cause avoidance of food or meals and changes in eating
habits. Similar eating problems occur if a tumor is
obstructing the intestine, inhibits passage of food, and
impacts digestion and absorption. Abdominal pain,
nausea, vomiting, and early satiety may result. Sup-
pressed appetite due to sensory changes occurs
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frequently. Changes in the ability to perceive the basic
flavors (sweet, salty, sour, bitter, and umami) are
common due to both increased and decreased taste
detection.33 Elevated salt thresholds have for example
been documented during and following chemotherapy
for advanced cancer. Bitter, chemical, or metallic tastes
also seem to be common after chemotherapy.30 However,
these changes seem to be reversible if the tumor re-
sponds to treatment.34 Oral dryness due to salivary
gland hypofunction and specific drugs (antiemetics
and opioids) may cause sensory dysfunction and
dysphagia. This may predispose to bacterial or fungal
infections in the oral mucosa.30 Such infections make
the mucosa sore and painful and cause discomfort or
swallowing difficulties, thus resulting in a reduced
food intake. In addition to the discomfort, soreness in
the oral mucosa may result in difficulty to perform
good oral hygiene and to oral or dental complications.

Cancer-related surgery can affect the gastrointestinal
tract and interfere with digestion and absorption of
nutrients.30 A typical example is gastrectomy, where
anatomical changes make it impossible to eat as much
food per meal as before and therefore results in energy
deficits. In the case of radiotherapy to the upper part,
gastrointestinal tract (oral cavity, pharynx, esophagus),
soreness, mucositis, and edema often occur and cause
swallowing problems.1 The radiation side effects usually
persist for a few weeks after treatment, but for some pa-
tients, these are irreversible.30 In the case of radiotherapy
to the stomach and intestines, patients may experience
problems such as nausea, vomiting, and diarrhea. These
side effects usually disappear a few weeks after discon-
tinuation of treatment. Some may experience late side
effects that appear months to years after discontinuation
of treatment. Chemotherapy usually produces side
effects such as taste and smell changes, nausea and
vomiting, diarrhea, stomatitis, and esophagitis.1,30 Some
chemotherapeutic regimens affect the intestinal muscle
and mucosal activity and cause constipation and ileus.
The effect on appetite and physical ability to eat depends
on which chemotherapy agents are used and target tis-
sue.30 Generally, it is difficult to maintain the nutritional
status during ongoingmore toxic chemotherapy regimens
because of the side effects. This implies that patients
receiving chemotherapy treatment are regularly exposed
to periods of hunger and weight loss. New treatment ap-
proaches, such as immunotherapy, are generally less toxic
and more comfortable to the patient than traditional
chemotherapy, but they may cause side effects that may
influence food intake.35 Immune-related adverse events
include colitis, diarrhea, and gastrointestinal bleeding.

Finally, psychosocial conditions such as isolation,
anxiety, or depression can lead to poor appetite and
reduced food intake. However, there is no strong evi-
dence of a causal relationship between food intake or

nutritional status and mental stress in patients with
advanced cancer. Table 33.2 provides an overview of
the abovementioned symptoms that can cause eating
problems and reduced appetite in patients with cancer,
regardless of diagnosis and treatment modality.

C. Cancer Cachexia

The word cachexia stems from the Greek words kakos
and hexis, meaning “bad condition.” 36 It is generally
agreed upon that cancer cachexia emerges from a com-
plex interaction between cancer growth and host
response. This results in progressive weight loss that is
a consequence of a negative protein and energy balance,
often associated with signs of systemic inflammation.37

Cachexia is referred to as a syndrome, i.e., a combination
of symptoms and signs that together represent a disease
process. The symptoms and signs of cancer cachexia
include anorexia, fatigue, involuntary weight loss, and
loss of skeletal muscle mass, with or without the loss
of fat mass.37e39 Cachexia is associated with poor
tolerability of cancer treatment, decline in performance
status, and reduced quality of life and survival.40e42

Based on different consensus definitions of cachexia
from three expert groups, an international consensus
definition of cachexia was proposed in 2011:43 “Cancer
cachexia is a multifactorial syndrome characterized by an
ongoing loss of skeletal muscle mass (with or without the
loss of fat mass) that cannot be fully reversed by conventional
nutritional support and leads to progressive functional
impairment. The pathophysiology is characterized by negative
protein and energy balance driven by a variable combination

TABLE 33.2 Overview of symptoms (defined as any subjective
evidence of disease) that can affect food intake and
nutritional status in cancer patients.

Organ Symptoms

Oral cavity and throat Altered taste sense
Dry mouth
Sore mucosa
Swallow pain

Gastrointestinal tract Nausea
Vomiting
Diarrhea
Constipation
Obstruction

Other disease and/or treatment-
related symptoms

Pain
Dyspnea
Fatigue
Depression
Delirium
Problems with cooking and

preparing food
Loneliness
Physical impermeant
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of reduced food intake and abnormal metabolism.” It is
important to be aware of that the present definition of
cancer cachexia states that opposed to malnutrition,
weight loss in cachexia cannot be compensated by
optimal energy intake alone.40,43 In addition, metabolic
alterations in cachexia cause greater loss of muscle
mass than in malnutrition.30,37 The muscle wasting
seem to be accelerated by a combination of metabolic
changes (i.e., increased resting energy expenditure and
increased turnover of protein, lipids, and glucose), hor-
monal changes (i.e., insulin resistance), systemic inflam-
mation (i.e., cytokine release), and tumor-inducing
factors (i.e., proteolysis-inducing factor).37,38

Classification of cancer cachexia

Although several factors involved in the develop-
ment of cachexia are described, the underlying mecha-
nisms remain unclear.44,45 Because of this and the fact
that cachexia is associated with a wide range of clinical
manifestations, it is difficult to precisely define this
condition and establish criteria for diagnosis. This also
makes it difficult to give an exact estimate of the preva-
lence of cancer cachexia.46,47 The prevalence rates be-
tween 12% and 82% have been reported depending on
definitions, study designs, and cancer diagnosis.16,48,49

Even with the same tumor type and stage of disease,
one patient may develop cachexia whereas another
may not. Such variation may relate, at least in part, to
the patient genotype. In order to identify, treat, and/or
prevent this condition and to develop potential thera-
peutic interventions, a definition that is accepted by
both clinicians and researchers is needed.15,39

Weight loss alone is not enough to capture the
complexity of cachexia.50 Based on the 2011 cachexia
definition,43 a set of criteria for a classification was
defined of which one of the following had to be present:
weight loss more than 5% of usual body weight over a

period of 6 months (in absence of simple starvation);
BMI <20 kg/m2 and any degree of weight loss >2% of
usual body weight, or appendicular skeletal muscle
index consistent with sarcopenia and any degree of
weight loss >2% of usual body weight. It was empha-
sized that cachexia can develop progressively through
various stages (Fig. 33.1). The spectrum starts with pre-
cachexia and then progresses to cachexia and finally to
refractory cachexia. The progression can be modulated
by factors like cancer type and stage, systemic inflamma-
tion, reduced food intake, and response to anticancer
therapy. Not all patients progress through each stage.
Cancer cachexia has traditionally been associated with
advanced disease;47 however, it is now recognized that
it may occur early in the disease course.30 The interna-
tional consensus definition is considered a framework
that can be modified over time.43 Thus, efforts to
validate the definition and the classification system in
clinical studies are important and ongoing.36,43

Wallengren et al.48 compared the consensus definition
and the classifications by Fearon et al.16 and Evans et al.39

in 405 patients with different cancer diagnoses in
advanced stages. The conclusion was that weight loss,
fatigue, and markers of systemic inflammation were
most strongly associated with adverse outcomes like
reduced QoL, functional decline, more symptoms, and
shorter survival. Based on the results, an alternative
three-factor classification was developed: weight loss
>2% since before onset of disease; fatigue of >3 points
(on a 1e10 scale); and C-reactive protein (CRP)
>10 mg/l. Blum et al. 51 also validated the consensus
definition in a heterogeneous sample of patients with
advanced cancer. They concluded that the combination
of weight loss (>5% of usual weight) and low BMI
(<20 kg/m2) showed the strongest association with short
survival. A recent review from ESPEN expert group rec-
ommends that assessment of inflammatory biomarkers

FIGURE 33.1 Stages of cancer cachexia. Adapted from Fearon et al., 2011 Ref. 43{Fearon, 2011 #2114}.
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be added, for example, Glasgow prognostic score based
on serum concentrations of albumin and CRP, in the
process to identify cachexia5 (see Table 33.3).

Considering the limited specific treatment options for
cancer cachexia, emphasis is placed on the precachexia
phase, in which multimodal interventions may slow
down weight loss.52 Discrepancy in the prevalence of
precachexia was found in two studies in patients with
advanced cancer, and no significant difference in survival
was found between precachexia and cachexia.53,54 More-
over the clinical relevance of a precachexia diagnosis has
been questioned in a study by Blauwhoff-Buskermolen
et al.55 and showed that the use of the present
framework depicted in Fig. 33.1 identified very few pa-
tients i.e., 0.5%e2%.

Although the multifactorial pathophysiology of
cachexia is now better understood, there is no standard
of care or approved drug treatment, and it remains an
unmet medical need. This lack of progress is paradoxical
given the role cachexia plays in cancer and the way it
contributes to excess morbidity and mortality. The spe-
cific elements (systemic inflammation, muscle wasting,
reduced physical activity, negative energy, and protein
balance) lend themselves to therapeutic reversal
through multimodal approaches and emerging treat-
ments. Large trials are lacking, but a feasibility study
investigating a 6-week intervention combining nonste-
roidal antiinflammatory drugs such as celecoxib, nutri-
tional advice, and oral supplements including
eicosapentaenoic fatty acid and exercise in patients
with advanced lung or pancreatic cancer commencing
chemotherapy showed promising effects on weight
and muscle mass.56

III. NUTRITIONAL TREATMENT IN
PATIENTS WITH CANCER

All patients with cancer should be observed continu-
ously for weight loss, decreased appetite, and food
intake.1 The following practices are recommended to

prevent and treat weight loss and malnutrition caused
by disease and/or treatment (see Table 33.3)

• Identify patients who are at risk of becoming
malnourished

• Assess symptoms and food intake in all patients who
are at risk of becoming malnourished

• Take action e start individualized nutritional
treatment

A. Risk Screening and Nutritional Assessment

In order to achieve effective of nutritional treatment,
it is important to detect the deterioration of nutritional
status early and prevent further weight loss through
dietary advice adapted to the individual patient’s spe-
cific situation. This includes not only identification of
obvious malnourished individuals but also those at
risk of developing malnutrition. Diagnosing malnutri-
tion is a two-step process.17 First, a patient must be
screened with a validated screening tool and be identi-
fied “at nutritional risk.” Further assessment of those
who are at risk is then conducted. The nutritional
diagnosis is dependent on criteria or definition selected
by the care team or investigator as no standardized
method for identification of malnutrition has reached
full consensus.

Several guidelines emphasized risk screening as an
important measure to detect nutritional disturbances at
an early stage.1,5,57 It is recommended to evaluate nutri-
tional risk in all patients with cancer with validated
nutrition screening instruments that include weight
assessment and information about weight development.

If the patient is at risk of malnutrition, a more thor-
ough assessment is done to determine likely causes of
weight loss so that targeted treatment can be imple-
mented. Current methods and standards to assess nutri-
tional status are not designed for use in patients with
cancer. Biochemical variables are for example affected
by the cancer and the values can therefore be difficult
to interpret.58 Especially serum proteins such as albumin
and transthyretin (i.e., prealbumin) have been employed
to determine nutritional status. Albumin is a hepatic
protein and is characterized as negative acute phase pro-
tein with a half-life of 14e20 days.59 Albumin is known
to decline after prolonged poor nutrition, i.e., insuffi-
cient food intake (calories and protein), but in patients
with cancer, low albumin values also may be due to in-
fections and/or catabolic conditions. Thus, albumin is
an unreliable serum marker for malnutrition in
patients with ongoing disease processes as in cancer.
Transthyretin has a shorter half-life than albumin,
2e3 days, and therefore regarded more reliable to detect
acute changes in nutritional status than albumin, but it is
affected in the same way as albumin from inflammatory

TABLE 33.3 Summary of ESPEN expert group recommendations
for improved nutritional care for patients with
cancer (Arends, Baracos, et al., 20175), p.1194.

• Perform nutritional risk screen in all cancer patients and regularly
rescreen the patient, regardless of present body mass index and
weight history. Screening should be performed early in the course of
care and rescreen regularly.

• Nutritional assessment should include anorexia, body composition,
resting energy expenditure, physical function, and inflammatory
biomarkers.

• Develop individualized nutritional intervention plans with focus on
increasing nutritional intake and physical activity and lowering
hypermetabolic stress and inflammation.
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states.59 In general, it is difficult to obtain reliable nutri-
tion status information from laboratory findings alone in
patients with cancer.59 This is specifically relevant in
connection with incurable disease where weight loss
also may a result of cachexia.

In the absence of trustworthy biochemical variables,
the Patient-Generated Subjective Global Assessment
(PG-SGA) can be used to detect malnutrition in patients
with cancer.59,60 Ottery et al.61 adapted PG-SGA from the
SGA, earlier developed and described by Detsky et al.62

PG-SGA was developed for use in patients with cancer
and covers all domains of the malnutrition definition
by ESPEN.63 The tool has been validated as a nutritional
assessment instrument in the cancer population60,64 and
classified patients as well-nourished, moderately/sus-
pected malnourished, or severely malnourished.

When treating weight loss in patients with cancer, it is
important to distinguish between malnutrition and
cachexia, in order to set treatment goals. Unfortunately,
simple methods that distinguish between malnutrition
and cachexia are lacking.57 The patient’s baseline clinical
condition is used when interpreting nutritional status
including evaluation of performance status that
measures functional capabilities. Physical performance
status is a strong predictor of survival in cancer and is
considered in treatment decisions.65 The performance
status is determined using one of two scoring systems,
either the Karnofsky Performance Status score or the
Eastern Cooperative Oncology Group Performance
Status score.66,67 When diagnosing malnutrition and
nutritional treatment in patients with advanced cancer,
it is important to consider physical performance status,
identify weight loss that can be reversed or stopped,
and avoid intervention for weight loss that does not
respond to nutritional management.

B. Symptom Assessment

The patients are the best sources of information about
the symptoms they are experiencing. Several studies
show systematic underestimation of patient’s frequency
and severity of symptoms by health care providers.68,69

The use of patient reported outcomes (PROs) is recom-
mended in both clinical practice and research.27 Symp-
tom relief is a prerequisite for the patient to benefit
from any nutritional therapy or intervention. Thus, a
thorough assessment of disease and treatment-related
symptoms in relation to nutritional status is an impor-
tant part of the nutrition care.27 Systematic symptom
assessment indicates which physiological abnormalities
are contributing to the symptoms, for example, a tumor
that obstructs intestinal passage and leads to a high risk
for developing constipation or ileus.

In relation to nutrition in cancer, PROs are used to pro-
vide information about weight change and symptoms
that may cause reduced food intake such as anorexia
and nausea.70 However, exploring patient symptoms re-
quires thoroughness and persistence, and it is a vital
aspect of patient-centered care.71 Multiple assessment
tools are available to assess symptoms in individual pa-
tients, for example, Rotterdam Symptom Checklist72 and
the revised Edmonton Symptom Assessment System
(ESAS-r).73 These assessment tools provide information
regarding treatment effect, response to specific symp-
tomatic interventions, for example, nutritional therapy,
and recognition of unreported symptoms.71 In palliative
care of patients with cancer ESAS-r is frequently
employed, with nine core symptoms that are pain, tired-
ness, nausea, depression, anxious, drowsiness, appetite,
feeling of well-being, shortness of breath, and an
optional 10th symptom provided by the patient. Each
symptom is scored on an 11-point numeric rating scale
ranging from 0 (no symptom) to 10 (worst possible).73

C. Nutritional Treatment

Nutritional problems leading to malnutrition in can-
cer are complex and multifactorial. Thus treatment re-
quires a multifactorial and holistic treatment approach,
coordinated across different health care disciplines that
include dialog with the patient about his or her con-
cerns, symptoms, and preferences.74 Patients who are
malnourished or at risk of malnutrition require a nutri-
tional plan with dietary advice tailored to the patient’s
clinical condition, preferences, and needs.1,75 It is essen-
tial that prior to initiating any dietary interventions,
underlying factors to poor appetite such as nausea, con-
stipation, dysphagia, and pain are satisfactorily
treated.75 It is also important that both the patient and
their relatives are allowed to participate in the develop-
ment of the nutritional plan and realistic goals for the
treatment. The nutritional plan and the effect of the
intervention must be continuously assessed to be able
to modify it if the patient’s clinical condition changes
or the treatment is ineffective. The fact that the patient
is unable to eat as planned can be stressful and can result
in concerns of starving to death.

The dietary goals for malnourished or at risk patients
is primarily to ensure adequate energy (calories) and
nutrients to retain or maintain weight.75 The expected
effects of setting such goals are improved general health
condition and strengthened immune system. If the
patient is overweight, initially guidance is needed to
preserve body weight during the treatment period and
to be aware that dieting and weight loss is not recom-
mended during cancer treatment. It is assumed that
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the total energy expenditure in patients with cancer is
similar to healthy subjects ranging between 25 and
30 kcal/kg/day.1 Furthermore, it is recommended that
protein intake should be above 1.0 g/kg/day and, if
possible, up to 1.5 g/kg/day during treatment.1

In general, patients with poor appetite are encouraged
to eat small meals but more often and to eat when they
feel hungry. The food should be energy-dense, i.e., con-
tains high levels of energy or calories per 100 g food.76

All beverages should contain energy and evening and
night snacks or small meals can be beneficial. Wine or
other alcoholic beverages can stimulate appetite as well
as containing some calories. Oral nutritional supple-
ments may help to improve the dietary intake of those
who are unable to meet nutritional requirements with
foods and beverages despite counseling.75 The success
of supplementation depends on the acceptability and
routine use of the product by the patient.

Nutritional treatment in cachexia

Cancer patients with cachexia respond differently to
nutritional treatment than malnourished patients
without cachexia.77 This is attributed to the metabolic
changes previously described (see the section Cancer
cachexia). Still, in patients with advanced cancer,
cachexia and malnutrition tend to occur simultaneously
and insufficient dietary intake is the common etiology.
Nutritional treatment in these patients should not be
ignored.15 However, the goal of the nutritional treatment
for cachexia will be different from patients without
cachexia. Dietary interventions are individualized, and
both symptoms and physical performance are consid-
ered as described above. The treatment goals will also
vary across the different stages of cachexia. It is impor-
tant that the patients and their relatives are aware of
the treatment goals and that the treatment does not in-
crease the psychological burden the patients already
experience.

In precachexia, the goal may maintain or increase the
patient’s weight and physical function, and the patient is
advised to consume frequent meals and use high energy
density foods and oral nutritional supplements.78 In re-
fractory cachexia, the most important goal is symptom
relief that includes modification of foods.

Pharmacologic treatment of cachexia

Several pharmacologic agents have been investigated
for use in cancer cachexia to improve appetite and to
preserve muscle mass. Systematic reviews and metaana-
lyzes have summarized the effects of megestrol acetate
(Megase).79,80 The evidence suggests this agent has a pos-
itive effect on appetite and weight, but not on muscle
mass preservation and quality of life. However, the eval-
uations are short term (8e12 weeks), and side effects
such as fluid retention, risk of thromboembolism, and a

potential excess mortality are reported.79 Megestrol ace-
tate is considered in patients where poor appetite affects
the patient’s quality of life when the life expectancy is
longer than 2e3 months. The optimal is not well
established but 160e800 mg daily is commonly used.

Glucocorticosteroids also increase appetite, well-
being, and physical function.81 Weight is often not
significantly affected. Corticosteroids have serious side
effects such as proximal myopathy, immunosuppres-
sion, and insulin resistance. The effect of corticosteroids
on appetite often ceases after a fewweeks. The treatment
is therefore more suitable for patients with short life
span and with other symptoms where steroids may be
useful (e.g., liver disorder, nausea, and brain edema).
Corticosteroids are used in connection with important
social and life events where better appetite is of
importance to the patient.

Anamorelin82 is a ghrelin receptor agonist, i.e., a com-
pound that acts by mimicking the hormone ghrelin that
stimulates appetite and positive energy balance.83 The
drug has shown positive effects on appetite and muscle
mass preservation in clinical trials with no impact on
physical function.82

Nutrition at the end of life

When the patient approaches end of life, the focus of
all care is to facilitate the best possible symptom relief
and quality of life.84 Weight development and nutritional
needs are no longer of relevance, and the patient should
be offered the food he or she wants. Most patients will
not experience hunger at this stage, but both patient
and relatives need information and support on how to
manage plans and expectations for food and meals.

Using intravenous fluid treatment in the terminal
phase is debated, but mostly not indicated.85 If there is
an indication for maintaining basic hydration, typical
500e1000 ml of fluid per day is sufficient. Mouth dry-
ness symptoms should be treated primarily with oral
products and not systemic treatment, as this is not neces-
sarily alleviated by parenteral fluids.

Physical activity as part of nutritional treatment

Many patients with cancer experience fatigue as a
result of disease and treatment. Fatigue is a very trouble-
some symptom that adversely affects quality of life. Fa-
tigue often leads the patients into a vicious circle, with
the reduction of daily physical activity which in turn
leads to reduction of muscle mass, muscle strength, aer-
obic capacity, and physical function. However, there is
good evidence to recommend physical activity and
exercise in patients with cancer who have a good
prognosis.86 Physical activity can reduce muscle catabo-
lism and increase anabolism as well the potential to
reduce systemic inflammation and may have a positive
impact on nutritional status.
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Also patients with advanced disease should be
advised to increase activity if possible since muscle
catabolism and inflammation are important elements
in the pathophysiology of cancer-related cachexia. A
few studies have considered the effect of physical activ-
ity and exercise in patients with advanced cancer and
demonstrated that patients are both capable and willing
to participate in physical activity despite advanced
disease.87,88 A recent systematic summary of physical
activity in patients with advanced disease shows good
effect on physical function, reduction of fatigue, and
maintenance of quality of life.89 The patient is counseled
to maintain daily activity and to find a balance between
rest and activity.1 Exercise under supervision shows the
best effect on quality of life and physical fitness,90 and
individualization based on previous patient experiences
of physical activity, motivation, and performance status
is necessary.

D. Special Nutritional Support

Special nutritional support (also referred to as artifi-
cial or therapeutic nutritional support) includes oral
nutrition supplements (ONS), enteral nutrition, and
parenteral nutrition.91 When possible, food is preferred
compared to therapeutic products for the treatment of
patients with cancer.1 However, in accordance to the
ESPEN guidelines on nutrition in patients with cancer
‘artificial nutrition is indicated if patients are unable to eat
adequately, e.g., no food for more than 1 week or less than
60% of requirement for more than 1e2 week ’.1 As with all
medical interventions, special nutrition requires an indi-
cation for treatment, a definition of a therapeutic goal to
be achieved through the treatment, and the agreement of
the patient and his or her informed consent.92 Before
initiating artificial nutritional support, health care per-
sonnelmust assess the pros and cons, including the ethical
aspects of the treatment. In patients with advanced cancer,
it is important to consider whether artificial nutrition will
improve the patient’s nutritional status and quality of life
by providing increased physical strength and better resis-
tance to infections and other complications related to poor
nutritional status. In addition, it should be discussed
whether artificial nutrition will provide emotional well-
being, reduce anxiety about the disease, and increase
self-esteem by making the patients feel more satisfied
with his or her body.

When considering whether initiating special nutrition
therapy is appropriate, it is important to consider the pa-
tient’s wishes and include the patient and, if relevant,
relatives and family in the discussion.74 Poor food intake
may be of concern to the patient and family and that the
patient wants this form of intervention. The patients and
relatives should be included in the discussion, but it is
important to empathize that the decision of initiating

or terminating the treatment is the responsibility of the
treating physician in close cooperation with the patient
and his or hers wishes.92

When a decision has been made to feed a patient,
ESPEN Guidelines recommend ‘enteral nutrition if oral
nutrition remains inadequate despite nutritional interven-
tions (e.g., counselling and oral nutrition supplement), and
parenteral nutrition if enteral nutrition is not sufficient or
feasible.”1 The impact of special nutrition support tends
to vary depending on the underlying causes of the pa-
tient’s poor nutritional status, for example, malnutrition
or cachexia.93 Finally, in patients with advanced cancer
and shorter expected survival, the decision to continue
or withdraw special nutrition support should be
intermediately reevaluated.

Enteral nutrition

Enteral nutrition is the science, technique, and prac-
tical implementation of nutritionally completed food
provided through a stoma or a tube into the intestinal
tract distal to oral cavity.91 This form of nutritional
treatment can be given to all patients who have a func-
tioning gastrointestinal tract.1 Enteral nutrition can
also be initiated if there is a problem with gastric
motility, by administering nutrition postpylorically, for
example, through a jejunostomy, nasoduodenal or naso-
jejunal tube.94 Enteral nutrition should be considered if
there are swallowing problems, for instance, if it is
tumor growth in the oral cavity, pharynx, or esophagus,
as well as with insufficient voluntary food intake.

Some clinicians consider enteral nutrition as a burden
for the patient, thus react negatively when this treatment
option is considered. If health professionals do not re-
gard enteral nutrition as a good alternative, the patient
will probably react negatively. In such contexts, we
should consider that some patients will be relived to
get nutrition through a tube or stoma and avoid the
constant hassle of eating sufficient volumes of food
despite pain, dysphagia, or other symptoms.

It is also a common misconception that patients
receiving enteral nutrition cannot eat regular food. On
the contrary, patients should be encouraged continu-
ously to eat and drink when capable if there are no con-
tradictions. If the patient can eat some regular food,
enteral nutrition may act as a supplement and help
maintain the energy intake and weight.

Parenteral nutrition

Parenteral nutrition is considered when the patient
does not have a functioning gastrointestinal tract or has
fistulas.1 Parenteral nutrition is most frequently initiated
in patients with tumors in the gastrointestinal tract, for
example, gastric carcinoma, colorectal carcinoma and
pancreatic carcinoma,95 and gynecological cancer diag-
nosis.93 Sometimes parenteral nutrition is used as the
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sole source of nutrition, but it is more common that it is
an adjunct to food or enteral nutrition. It is beneficial
for the patient to eat some food orally or administrate
small doses of enteral nutrition daily, so that the function
of the gastrointestinal tract is stimulated. Some oral or
enteral nutrition facilitates the transition to regular food
later and ensures optimal intestinal function.

In patients with advanced cancer and short life expec-
tancy (under 2e3 months), enteral and parenteral nutri-
tion is usually not indicated unless these nutritional
treatments are expected to provide clear relief and
improvement of symptoms.1 Other exceptions include
use to support the patient through an infection, surgery,
or other tumor-related treatment. Parenteral nutrition is
also used in complicated gastrointestinal conditions
where there is uncertainty about the prognosis. Risk of
organ failure and infection makes it difficult to initiate
intensive nutrition treatment when life expectancy is
short. If the patient accumulates fluid or experiences

other side effects, the volume of nutritional support
fluids is reduced or terminated to support overall care.
Parenteral nutrition might be preferred over enteral
nutrition, as patients receiving parenteral nutrition
receive more calories compared to those patients who
are feed enterally.96,97 Due to a higher calorie intake,
parenteral nutrition may be more efficient for patients
with cancer suffering from malnutrition and/or weight
loss, compared to enteral nutrition. However, in a recent
metaanalysis and systematic review,95 outcomes of
parenteral nutrition and enteral nutrition in patients
with cancer were compared and the results indicated
that neither parenteral nor enteral nutrition was supe-
rior with respect to major complications (e.g.,
morbidity), nutrition support complications (nausea,
vomiting), or survival in patients with cancer. The only
difference reported between parenteral nutrition and
enteral nutrition was an increased incidence of infec-
tions in patients receiving parenteral nutrition.95

RESEARCH GAPS

The authors suggest that more research should be conducted regarding:

• Nutritional treatment and the ability to reverse weight loss and malnutrition
• Which diagnostic groups that will benefit from nutritional treatment more than others
• Development and validation of objective cancer cachexia diagnostic criteria
• Well-designed randomized controlled trials to assess the efficacy of nutritional interventions on outcomes

such as survival, physical function, and quality of life in malnourished patients with cancer and patients with
cancer with cachexia

In addition, we highlight the six areas where more research on diet, nutrition, physical activity, and cancer is
needed according to the Expert Panel of World Cancer Research Fund Continuous Update Project2:

• Biological mechanisms by which diet, nutrition, and physical activity affect cancer processes
• The impact of diet, nutrition, and physical activity throughout the life course on cancer risk
• Better characterization of diet, nutrition, body composition, and physical activity exposures
• Better characterization of cancer-related outcomes
• Stronger evidence for the impact of diet, nutrition, and physical activity on outcomes in cancer survivors
• Globally representative research on specific exposures and cancer
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SUMMARY

Severe burn caused hypermetabolism-sustained muscle wasting and other comorbidities. The goal of
nutrition support and other care management is to maintain energy homeostasis in burn patients. Due to
dramatic changes and other factors that influence over the time course after burn, the plan of nutrition
support has to be adjusted continuously with monitoring patient conditions. Inappropriate management
of nutrition support adverses patients’ status and progress. The current principal of care management has
been encouraged in severe burn patients, which includes earlier enteral feeding, 1.5e2 g/kg of protein
intake, and others. However, the detail of each territory in nutrition care is still under investigation.
Further, nutrition support is more specialized for certain population as the time being.

Keywords: Energy requirement; Hypermetabolism; Nutrition composition; Nutrition delivery route; Nutrition
monitoring; Nutrition support; Severe burn.

I. NORMAL FUNCTION AND
PHYSIOLOGY

Metabolism is essential and critical to maintain the
biological homeostasis. The World Health Organization
(WHO) recommends 2100 kcal/day requirement for
normal healthy adults, with increases as needed for
any additional medical stress.1,2 Energy metabolism in-
cludes resource materials, such as macronutrient and
micronutrient, energy production cycles, and energy
production location (mitochondrial).

The skin and other accessory structures make a pro-
tective barrier to define each individual biological

system. The skin is not only a barrier; it is more than a
path to connect the environment with signal exchanges.
In general, the skin plays important roles in protection,
sensing, thermoregulation, and vitamin D synthesis.

II. SEVERE BURN AND CARE
MANAGEMENT

A. Introduction

Nutritional support is fundamental for clinically ill
patients. With critical illness, surgery, and severe injury,
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there is a hypermetabolic response that occurs. Burns
represent the extreme of this response with almost a
doubling of resting energy expenditure (REE). Trauma
and sepsis also result in increased REE with a lesser
amplitude and duration (Fig. 34.1).3 For this reason,
the present treatment of burns has been used as an
extreme example of nutritional support of the severely
injured patients. This chapter will discuss the nutritional
care in severe burns, which also gains knowledge to all
injury states.

B. Characteristics of Burns

Burn description

Burn is the type of trauma to the skin or other tissues.
Most burn injuries are heat related from hot liquids.
Other physical and chemical factors also can be the
cause. By the depth of injury, burns are categorized to
superficial (I), partial thickness (superficial and deep
II), full thickness (III), and even deeper to the underlying
other tissue, such as muscle and bone (IV). Superficial
burns involve only the epidermis and can self-heal
within 3e4 days. Partial thickness burns involve the
whole epidermis and partial dermis layers, papillary
dermis to reticulum dermis. Burns over the deep super-
ficial layer require excision and grafting, while partial
thickness burns is treated with bacitracin and petroleum-
based dressing application. Burns with greater than 20%
total body surface area (TBSA) are considered severe
and result in a dramatic systemic metabolic response.4

Though the globe trend of burn incidence has declined,5

it is still recognized as a major contributor to morbidity
and mortality, in part, due to the dynamic postinjury
systemic hypermetabolic response.6 This chapter focused
on the discussion of nutritional care in severe burns.

Hypermetabolism after severe burn

The metabolic status is characterized into the “ebb”
acute stress phase and the later “flow” hypermetabolism
stage following the injury. After surviving the acute
ischemic shock phase, there is a pronounced increase in
metabolism that persist for 7e10 days, followed by the
flow phase in which a hypermetabolic state persists for
years.7 The catabolic status dominates to provide energy
consumption for function maintenance in essential or-
gans. Patients with greater than 40% TBSA burn
increased REE up to 40%e100%.8 The substrate cycling
of fatty acids and glucose is greatly enhanced in response
to burns. The total fatty acid cycling can increase fivefold,
and the glycolytic/gluconeogenic cycle can double.9

Compared to other types of trauma and sepsis, this hy-
permetabolic status also lasts longer in burn patients.10

This persistent hypermetabolic response is further exac-
erbated with lean body mass loss, immune function
compromise, delayed wound healing, etc.11

Energy metabolism and mitochondrial dysfunction
after severe burn

The efficiency of energy production is damped after
severe burns. In normal adults, about 80% of mito-
chondrial respiration is coupled to ADP phosphoryla-
tion with the rest attributing to proton leaks (such as
heat production).12 Adenosine triphosphate (ATP)e
consuming reactions in adults with burns contribute to
57% of the increased total energy expenditure for
protein synthesis, the substrate cycling of glucose and
fatty acids.13 Increased heating production could be
due to uncoupling of mitochondrial respiration from
ADP phosphorylation.14 At the cellular level, oxygen
consumption and ATP production turnover increase
resulting in the hypermetabolism status after severe
burn.

The underlying mechanisms of hypermetabolism af-
ter burns are complicated. Mitochondria are the cellular
organelle to produce ATP for energy. Mitochondrial
structure and functional impairment has been observed
in response to severe burns.15e18 These alterations in
mitochondria could explain why attempts to maintain
the normal proportion of macronutrients could not be
helpful or if not at times harmful in burns. In addition,
the use of nonnutritional agents that restore mitochon-
drial function may therefore improve the metabolic
statue. A clinical trial (NCT number: NCT01812941) is
ongoing to evaluate mitochondrial functional damage,
by analyzing plasma levels of mtDNA damage-
associated molecular patterns associated with multior-
gan dysfunction syndrome to gain a better understating
of mitochondrial changes in the hypermetabolic response
to burns.

FIGURE 34.1 Hypermetabolic response after severe burn, sepsis,
and trauma. Adapted from Jan BV, Lowry SF. Systemic response to injury

and metabolic support. In: Brunicardi FC, Andersen DK, Billiar TR, Dunn

DL, Hunter JG, Matthews JB, Pollock RE, eds. Schwartz’s Principles of
Surgery. 9th ed. 2010:15e50.
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C. Nutrition Disarrangement in Burns

Malnutrition

Malnutrition, in the presence of acute injury and
chronic disease, has serious consequences and increased
risk of mortality. Malnutrition was defined at the guide-
lines and clinical resources in the American Society for
Parenteral and Enteral Nutrition (ASPEN), including
adults19 and pediatric patients.20,21 In adults, body
mass involuntary changes (including loss and gain) are
5% in a month or 10% within 6 months and are consid-
ered malnutrition with body mass index (BMI) alter-
ations (18.5 kg/m2 <BMI>25 kg/m2). In children, the
malnutrition threshold of BMI (for age or gender) is
less than 5% or greater than 85%.

Overnutrition/hyperalimentation

Overnutrition/hyperalimentation is relatively rare
but risky. In the 1970s, burn patients received
5000 kcal/day as the standard care, which led to hyper-
alimentation development.22 Overnutrition, with over-
calory input, causes hyperglycemia, overload of the
respiratory system, and fat restoration. Overfeeding
carbohydrates increases fatty acid synthesis in the liver
and whole body. Three weeks of overfeeding carbohy-
drates increased 27% of liver fat accumulation but just
2% of body weight in human subjects.23 Overfeeding
caused fatty liver infiltration, which has been associated
with increases in infection rate.24 In rats overfed after
burns, there was a threefold higher mortality rate.25

Refeeding syndrome

Refeeding syndrome is rare and defined as poten-
tially fatal shifts in fluids and electrolytes with typical
hypophosphatemia, hypokalemia, and hypomagnese-
mia.26 In a small retrospective study, hypophosphatemia
blood levels of less than 2.5 mg/dL (0.8 mmol/L) were
observed at 2e6 days and the phosphate blood levels
were back to the baseline at 18e20 days after burns.27

Refeeding syndrome is due to endogenous insulin secre-
tion in response to hyperglycemia after refeeding.

Undernutrition

Patients are more fragile to resistant severe insult
when undernutrition support is either before or after
injury. Demographic factors are also associated to nutri-
tional disarrangement after injury, including aging,
chronic disease, and even social, psychiatric, economic,
and religious (i.e., vegetarian) factors. Malnourishment
occurred in burn pediatric patients with delayed admis-
sion, which also increased length of stay.28 Patients with
undernutrition suffer from malnutrition and worse
subsequences, such as immunosuppression, prolonged

dependency on mechanical ventilation, delay in the
healing processes, and increased risk of morbidity and
mortality.29

Nutrition support is vital for the maintenance and re-
covery of burn patients. An inappropriate nutrition sup-
ply could lead malnutrition in patients. Either a lack of
nutritional supplement or overnutrition makes detri-
mental effects in patients with worse progress. Many
factors affect inappropriate nutritional supplements
during the injury. The postburn hypermetabolic
dynamic changes are the major challenges, and in addi-
tion, they are related to other inappropriate nutritional
management. Using a single static energy expenditure
formulamight not fully reflect a patient’s dynamic meta-
bolic status. Periodic monitoring of nutrition manage-
ment is critical to meet a patient’s energy
consumption. The nutrition disarrangement covers the
affective range from preinjury till postadmission in
patients. The hypermetabolic status persists years after
burn, which is far from when patients are discharged.
Nutritional support for patients should extend even af-
ter they are discharged.

D. Nutrition Support in Burn Care
Management Overview

General guideline of nutritional management

The principle of burn critical care nutrition is to atten-
uate the magnitude of burn-induced hypermetabolism
and meet the patient energy demands. To date, general
rules are in agreement with nutritional management in
burn critical care, including energy consumption mea-
surement, the prioritized route and time of feeding,
and proportion of nutrition supplement, etc. The Euro-
pean Society for Clinical Nutrition and Metabolism
(ESPEN) endorsed eight recommendations of nutri-
tional support in major burns in 2013, including earlier
enteral feeding, adjustment of nutrient intake, appro-
priate energy expenditure assessment, and nonnutri-
tional strategies (Table 34.1).30 The International
Society for Burn Injuries (ISBI) in 2016 also provides
recommendation criteria in the similar range.31

Though most clinicians agree in the principles of
nutritional support guidelines, there are no uniformed
standard procedures for critical burn care. The differ-
ences of nutritional management after burns are incon-
sistent from local to worldwide regions and are
affected by many practical factors, such as economics
and social factors.

Clinical management of nutrition support

Nutritional support in the care of the patient with
burns requires a multidisciplinary approach. Integration
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of the dietitian, with burn surgeons and other health
care team members, to personalize the nutritional care
of the patient is essential. In addition, they should
educate the patient and family as to their long-term
metabolic requirements. The nutrition plan needs to be
adjusted and compatible with treatment requirements
and during all phases of recovery. For example, loss of
skin after excision and grafting, as well as wound heal-
ing, will increase metabolic requirements due to heat
loss as well and increase energy expenditure associated
with wound healing. The optimal efficiency of nutri-
tional support can be achieved in harmony of teamwork.
We outline the nutrition support management in burn
care as an example. The practical procedure develop-
ment from each hospital is encouraged.

III. CLINICAL NUTRITION
MANAGEMENT IN BURN

A. Resting Energy Expenditure Requirement
and Measurement

The goal of energy measurement

Nutritional support is to compensate the increase in
caloric needs from burn patients who are hypermetabol-
ic. Calculating energy (calorie) is fundamental for nutri-
tional support and is also challenging due to metabolic
dynamic changes in burn patients.

Energy expenditure typically increased within a week
after earlier stressed at the earlier acute phase. Many
factors affect this general dynamic energy expenditure
curve, including surgical treatment, nutrition support,
comorbidity, complications, medication, physical ther-
apy, and ambient temperature. The Society of Critical
Care Medicine and ASPEN recommend providing a
minimum of 50%e60% of caloric goal during the first
week after injury.32,33

Indirect calorimetry

Indirect calorimetry (IC) is the gold standard for REE
measurement in critical care.34 IC has been developed
for 200 years following the Dynamic Energy Budget the-
ory and applied to clinical nutrition management in past
decades.35 IC is a respiratory test to measure the ex-
change gas of oxygen and carbon dioxide in lungs and
thus calculate actual REE. REE is calculated based on
the Weir formula36 compensated with practical fed state.
The formula used is below:37

Metabolic rate (kcal per day) ¼ 1.44 � (3.94 � VO2

þ 1.11 � VCO2),
VO2 is oxygen consumption, VCO2 is carbon dioxide
production, and the unit is mL/min.

The ratio of carbon dioxide production to oxygen con-
sumption is defined as respiratory quotient (RQ), which
also could be the monitor or evaluator of nutrition sta-
tus. Under a normal feeding status, body stored fat is
the main resource for energy consumption (RQ ranges
from 0.75 to 0.90). RQ is greater than 1.0 when over-
feeding occurs. Glucose/protein will be an energy
resource, and the metabolic pathway shifts toward fat
synthesis. RQ is thus useful to interpret the results of
the REE.

Mathematical equations

IC is not always available based on reality concerns of
its financial cost and users’ training experience.38 Thus,
mathematical equations have been developed to esti-
mate energy expenditure and applied widely. Mathe-
matical calculations cost less and are more readily
available compared to IC. However, when employing
these formulas, the user should be aware of the conse-
quences of misfeeding, as these static formulas do not
account for the highly variable energy expenditure in
burn patients.39

Among those mathematical equations, the Curreri
formula is the oldest with the most important factors
of age, body weight, and burn size. The formula is based
on limited data from nine patients and tends to overes-
timate energy expenditure when compared to IC.40

The equation by Davies and Liljedahl is the easiest and
can be quickly calculated, but it also has a tendency of
overestimation.4 The Harris Benedict equation deter-
mines the basal energy expenditure (BEE), which is
then multiplied by 1.5 to estimate the energy require-
ment for burns. The Toronto formula based on BEE is
more accurate and is justified with injury progression
to adjust for wound healing. Multiple regression anal-
ysis of an important number of calorimetric studies
showed that the Toronto equation is a well-validated
alternative when IC is not available.41,42 Some other

TABLE 34.1 Malnutrition criteria ASPEN.

1. Early enteral feeding
2. Protein intake (1.5e2 g/kg in adults, 3 g/kg in children)
3. Glucose delivery (55% of energy requirement, 5 mg/kg/hours)
4. Trace element and vitamin substitution
5. Nonnutritional strategies (pharmacological agents and physical

tools)
6. Indirect calorimetry for energy requirement determination
7. Toronto equation in adults and Schoffield equation in children
8. Fat administration �30% of total energy delivery

First five are strongly recommended and rest three are suggested.

Adapted from 2013 ESPEN recommendations. (Cited from Rousseau A-F, Losser M-R,

Ichai C, et al. ESPEN endorsed recommendations: nutritional therapy in major burns.

Clin Nutr. 2013;32(4):499e502).
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equations are also developed to meet special needs, such
as ventilation. The current popular equations are listed
in Table 34.2. Pediatric formula is discussed separately
in special populations.

B. Nutrition Component

Nutritional support includes macronutrients and
micronutrients. Macronutrients include protein, carbo-
hydrates, and fat to provide body with energy. Micronu-
trients include vitamins and minerals to maintain the
body metabolic process. Dieticians can arrange the
food menu for patients based on their calorie require-
ment. The amount and proportion of nutritional supple-
ments are both adjusted. The earliest formulas for burn
patients consisted of milk and eggs. Commercial prod-
ucts were then developed with different proportions of
nutrients via different delivery routes. Specialized nutri-
tional formulas are convenient and designed with
differing amounts of carbohydrates, proteins, fats, and
micronutrients. Numerous commercially prepared
enteral formulas have been developed and listed
partially. Diets having higher proportions of fat, such
as Glucerna or Pulmocare, are not suitable for burns.
Nepro can be applied when supplemented with protein
for burn patients.

In 2007, ASPEN endeavored to standardize the PN
production process to improve patient safety and
clinical efficiency.43 Premixed commercial products are
also available for parenteral nutrition (PN).44 PN prod-
ucts are grouped based on the component mixture
with the fat emulsion systemic (Pro), PN solution sys-
temic, PN solution systemic with electrolytes systemic,
and trace elements systemic.45 PN products are gener-
ally costly and can serve to supplement enteral nutrition
(EN) in critically ill patients with severe nutritional
needs.

When commercial formulas are not available under
emergency situations, or in the area of developing coun-
tries, the alternative or replacement has to be considered
and local nutrition supplements could have benefits as
well. The disaster plans should be installed with nutri-
tional options in local hospitals, which can be guided
under the institutions of medicine.46 WHO provides
detailed information about local foods and nutrient
contents.47

Macronutrients (proteins, carbohydrates, lipids)

Proteins; Under the hypermetabolic status, proteolysis
dominates after severe burns. Protein is degraded into
peptides and amino acids, which are redistributed to
support function maintenance in other important

TABLE 34.2 Mathematical equation for energy requirement in burns adults.

Formula name Calculation equation

Estimated daily

energy

consumption (kcal) Comments

Harris benedict BEE for
Men: 665 þ (13.8 �W) þ
(5 �H) � (6.76 � A);
Women: 655 þ (9.6 � W) þ
(1.85 � H) � (4.68 � A).
Multiplying by factor 1.2e2.0 for
stress adjusting

BEE ¼ 1915

For burn,
1915 � 1.5 ¼ 2872

Basal energy expenditure (BEE)
estimation, multiply by 1 for common
burn stress adjustment

Curreri Age 16e59: (25 �W) þ (40 � TBSA);
Age >60: (20 �W) þ (65 � TBSA)

4400 Overestimation tendency, aging factor
considered

Davies and
Lilijedahl

(20 �W) þ (70 � TBSA) 5800 Overestimation tendency, gross
estimation for large injury

Toronto �4343 þ (10.5 � TBSA) þ (0.23 � Cl) þ
(0.84 � BEE) þ (114 � T) e (4.5 � PBD)

2782 Complicated, continuous data collection

Ireton-Jones Ventilated patient:
1784 � (11 � A) þ (5 � W) þ
(244 � S) þ � (239 � T) þ (804 � B)
Nonventilated patient:
629 � (11 � A) þ (25 �W) � (609 � O)

2957

2384

Considered injury type and obesity

For all equations, A, age in years; B, burn (present ¼ 1, absent ¼ 0); BEE, Basal energy expenditure; Cl, calorie intake the previous day; H, height in centimeters; HBE,

HarriseBenedict estimates; O, obesity (present ¼ 1, absent ¼ 0); PBD, postburn day; S, sex (male ¼ 1, female ¼ 0); T, temperature (Co); T, trauma (present¼1,

absent¼0); TBSA, burn size (percent total body surface area);W, weight in kilograms; Estimated Daily Energy Consumption based on an example subject: 25 A, 80kg,

BSA 2m2, TBSA 60%.

Adapted from Saffle JR, Graves C. Nutritional support of the burned patient. In: Herndon DN, ed. Total Burn Care, 3rd edition. Edinburgh: Saunders Elsevier, 2007: 398e419.
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organs, such as the heart and brain. Amino acids are
ready to convert energywhen calories are limited. Either
one further degrades to carbon skeleton for the interme-
diates into citric acid cycle, or EAA coverts to acetyl-
CoA. In addition, glutamine, alanine, and arginine are
released from the skeletal muscle and transaminated to
alpha-keto acid in the liver, a crossover to further
convert to energy production, fat, glucose, and new
amino acid production.

Burn injury increases urea production resulting in
increased nitrogen excretion. In addition, protein loss
can occur as it exudates directly through damaged
skin and as the result of increased permeability of the
blood vascular system. Nitrogen loss in burn patients
is about 0.2 g/kg/day, leading to 10% body weight
loss during the first week. The acute protein depletion
is associated with immune dysfunction and infection
incidence.8 Thus, a protein supplement is needed.

Current ASPEN recommendation is 1.5e2 g protein
intake per kilogram of body weight per day in the criti-
cally ill adult patient.33 ISBI recommended that nonpro-
tein calories to nitrogen ratios should be maintained
between 150:1 for smaller burns and 100:1 for larger
burns.31 Excess protein intake has not been demon-
strated to correlate with protein synthesis or to show a
significant clinical benefit. An isotope study in pediatric
patients with burns showed that 2.92 g/kg body
weight/day of a high-protein diet only enhanced skin
protein synthesis, without altering whole-body protein
breakdown and synthesis.48

Special amino acid managements are under investi-
gation. Glutamine is a conditional essential amino acid
that is depleted quickly in serum and muscle after
burn.49 As an antioxidant, glutamine supplementation
improves immune function and clinical outcomes in
burns.50e52 However, the effect of glutamine is not al-
ways consistent. Administration (0.3 g/kg/day) of
glutamine during less than 3 days has no benefits in
burned children.53 In a multiple center trial, 1123 pa-
tients showed that patients supplemented with gluta-
mine (0.35 g/kg/day) are associated with higher
mortality after 28 days.54 Currently, a double-blind,
multicenter randomized trial is ongoing, which expects
2700 critically ill burned patients to be enrolled in over
60 burn centers worldwide. Patients are treated with
enteral glutamine (0.5 g/kg/day) to assess hospital sur-
vival (RE-ENERGIZE study, NCT number:
NCT00985205).55

The supplementation of arginine in burn patients was
shown to improve wound healing and immune
function,56,57 but data from critically ill nonburn patients
suggest that arginine could be detrimental due to over
nitric oxide production.58 Though current formula of im-
mune enteral diet includes those amino acids, the
conclusion is still dependent on more studies.

Carbohydrates; Carbohydrate metabolism is the central
energy metabolism pathway. Once food is digested, it
is mechanically and biochemically transformed to
monomer monosaccharides such as glucose, fructose,
and galactose. Eighty percent of food breaks down to
glucose. Aerobic respiration results in 36 ATP from a
molecular of glucose after the stages of glycolysis (2
ATPs), the citric acid circle (2 ATPs), and the electron
transport system (32 ATPs). Carbohydrates provide the
primary energy source for burn patients.

High-carbohydrate diets have been demonstrated to
facilitate wound healing and to convey a protein-
sparing effect. Awareness of excessive intake of carbohy-
drates is considered especially when treatment is via
parenteral route. The maximum intravenous carbohy-
drate infusion rate for adults is 5e7 mg/kg/min.
Exceeding this range increases the risk of shock in liver
and hyperglycemia.39 In contrast, insufficient carbohy-
drate supplementation leads to hypoglycemia. Van den
Berghe and Jeschke,59,60 respectively, reported 5% and
26% incidence rates of hypoglycemia in critically ill
and burn patients. Hypoglycemia was associated with
increased morbidity and mortality in pediatric burn pa-
tients.61 Under tight glucose control, carbohydrate
intake should be sufficient with 55%e60% of total en-
ergy requirements. In other words, carbohydrate intake
should be about 5 g/kg/day with a daily limit of
1400e1500 kcal. A maximum of 7 g/kg/day is the
glucose rate in severely burned patients, which glucose
can be oxidized.62,63

Lipids; Lipids break down to triglycerides and further
split to fatty acids and cholesterol in the small intestine.
Transported with lipoprotein, triglycerides break down
to glycerol and fatty acids and arrive to cells to
biofunction of metabolic processing. Glycerol alters
glycolysis and oxidation and fatty acids beta-oxidation
in mitochondria. One molecule of fatty acids creates
over three times the amount of energy than glucose.

The basal rate of lipolysis increases after burn,64 and
elevated beta-oxidation of fatty acids provides more
fuel. However, only 30% of the free fatty acids are
degraded, and the rest go through reesterification and
accumulate in the liver.65 Thus, a restriction of a low-
fat diet is recommended for burn patients. Diets contain
less than 15% of total calories from lipids and are bene-
ficial in burn patients.66 Patients with total lipid intakes
reaching 35% of energy requirements have greater infec-
tion rates and increased lengths of stay.67 Nutritional
supplements containing fat are required to prevent
essential fatty acid deficiency. Current commercial die-
tary formulas provide 30%e50% of total energy as fat,
thus limitation of fat intake should be considered. Total
lipid intake from all sources should be accounted as well
to avoid overfeeding of fats. For instance, propofol
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(DIPRIVAN Injectable Emulsion), as a sedation or anes-
thetic, is often applied by 15e30 g/day in adult burn pa-
tients. The present formulation contains soybean oil
(100 mg/mL), glycerol (22.5 mg/mL), and egg lecithin
(12 mg/mL), therefore, contributing to lipid intake.
When calculating lipid intake daily, nonnutritional lipid
intake such as propofol infusion needs to be counted in
the total daily lipid calculation.

The composition of administered fatty acids also
should be considered. The common dietary formula
contains omega-6 fatty acids, such as linoleic acid, which
converts to arachidonic acid, a precursor of proinflam-
matory cytokines (e.g., prostaglandin E2). On the other
hand, supplementations with omega-3 fatty acids are
observed to improve immune function.68 In a study of
92 patients served a low-fat enteral diet with fish oil,
omega-3 fatty acids had clinical benefits in sepsis control
with reductions of nonseptic complications, such as me-
chanical ventilation requirements and gastric residual
volumes. However, the mortality was not altered.69

The ideal composition and amount of fat in nutritional
support for burn patients remains to be clearly defined.

Micronutrients (minerals, vitamins)

Vitamins; Vitamin A and C improve wound healing via
epithelial growth and protection,70 and other vitamins
such as vitamins B and E provide antioxidant protection
as well in clinical benefits.71 Vitamin B1 thiamine defi-
ciency has been noted acutely with the potential threat
of beriberi and Gayet-Wernicke encephalopathy. Local
injection of thiamine reduces pain in the burn animal
model.72 Recently, the guidance on vitamin therapy in
critically ill patients has been updated, recommending
300 mg of thiamine IV daily in at-risk patients and
100 mg iv for other patients.73 Vitamin C is an electron
donor and has pleiotropic effects during burn. Vitamin
C reduced epithelial damage and capillary leakage in
burn rats.74 Normal healthy adults require 100 mg of
vitamin C per day while burn and critically ill patients
should receive up to 3 g/day.75 Vitamin D (usually
defined as 25(OH) D<¼ 20 ng/mL) and its binding
protein are reduced in serum after burn.76 Besides the
depletion under oxidative stress, vitamin D3
production is obstructed due to skin damage. Pediatric
burn patients extremely suffered calcium and vitamin
D deficiency.77 Vitamin D can be given from a
standard range of 600e800 IU up to 10, 000 IU daily.78

Vitamin E was depleted in fat tissue from pediatric
burn patients.79 Vitamin E applications prevent
fibroblast from a heat-stressed environment.80

Minerals; Trace elements contribute to many biosyn-
thesis processes and are often decreased from burn.
The loss of minerals including zinc, copper, selenium,
and others occurs through urination and cutaneous

losses through burned skin.81 The need of supple-
mental minerals increased, and the administration of
minerals is based on the wound closing time after
burn.82 Minerals are an essential component of PN,
deficiencies in and toxicity of certain trace elements
necessitate vigilance of clinical symptoms in patients
with burns, and appropriate and prompt corrections
are made.83

Copper is an essential enzymatic cofactor involving
iron metabolism, hematopoiesis, connective tissue for-
mation, and nervous system function.84 Clinical mani-
festations of copper deficiency are pancytopenia,
skeletal, and neurologic abnormalities.85 The recom-
mendation of ASPEN is copper with a supplement of
0.3e0.5 mg/day.86

Zinc is important for DNA replication and protein
synthesis in wound healing and lymphocyte activities.87

86% of total body zinc is stored in skeletal muscle and
bone, and only 0.1% is found in plasma with a concen-
tration of 12e18 mmol/L.84 The clinical features of zinc
deficiency are nonspecific. ASPEN-recommended sup-
plementation in PN for zinc is 2.5e5 mg/day.86 Patients
with sepsis and burns require additional supplementa-
tion.33 Up to 36 mg/day of supplementation has shown
the benefits of infection reduction in burn patients
without toxicity.88 Oral doses of more than 200 mg/
day may lead to acute zinc toxicity with associated
gastrointestinal symptoms.

Selenium has multiple functions. It is served as an
antiinflammatory by inhibiting of NF-kB, antioxidant
via selenoproteins, such as glutathione peroxidase
(GSH-Px),89 and regulates thyroid hormone meta-
bolism.90 Selenium deficiency was first recognized as
Keshan cardiomyopathy disease.91 Selenium (Se) loss
occurs from skin and urine both in adults and pediatric
patients with burns resulting in an acute reduction in
serum levels.92 Selenium deficiency is also caused by
continuous clinical manipulations, including contin-
uous renal replacement therapy, high urine output, diar-
rhea/fistula output, multiple drains, and medications,
such as corticosteroids and statins.93 Therefore, sele-
nium levels should be monitored and supplementation
considered if necessary.

Trivalent chromium is a component of metalloen-
zymes, influencing glucose levels and insulin resistance.84

Chromium deficiency can result in glucose intolerance
refractory to insulin and subsequently hyperglycemia
and neuropathy.94 Trivalent chromium competes with
iron for transport with transferrin and albumin. Overdose
of chromium may disturb iron metabolism.95 The current
ASPEN guidelines recommend 10e15 mg/day of chro-
mium in PN.86

Manganese is a component of metalloenzymes that
are involved in immune function, reproduction, and
neurological functions.96 Excessive manganese deposit

Section C. Clinical Nutrition

III. Clinical Nutrition Management in Burn 625



in the basal ganglia of the brain results where patients
develop Parkinson-like signs and other neuropsychi-
atric symptoms.97 Due to the risk of hypermanganese-
mia in patients with home parental nutrition, the
current recommended dose of manganese drops from
60 to 100 mcg/day to a lower dose of 55 mg/day.86

Ferrous acts as a cofactor for oxygen-carrying pro-
teins. The British National Diet estimated dietary iron
daily intake in healthy individuals to be 13.2 mg for
men and 10.0 mg for women.98 However, the ASPEN
guidelines indicate that iron is “not routinely added.”
Anemia is the most familiar clinical means by which
iron deficiency is recognized. Serum ferritin and trans-
ferrin can be measured to access the need for iron
supplementation.

Aluminum is rarely studied. Klein et al.99 observed
that elevated aluminum concentrations were associated
with bone disease after burn in pediatric patients. The
elevation could be from use of antacids and albumin
administration, partial immobilization, and increased
production of endogenous glucocorticoids.

Micronutrients include vitamins and minerals, which
are required more in burn patients than in healthy indi-
viduals as a result of consumption due to hypermetabo-
lism and wound healing, as well as losses from the
injured skin or in urine. Severe burns caused hyperin-
flammation and intensive oxidative stress that result in
depletion of endogenous antioxidants. Decreased levels
of vitamins and minerals negatively impact immune
function and body homeostasis.81 ASPEN in 2014
released the guidelines of micronutrients for the use of
PN and EN.99

C. Nutrition Delivery Route

Oral

The oral route is usually employed in patients with
smaller burns. Patients with less than 10% TBSA burns
do not significantly increase their energy requirement
and can readily meet alterations in metabolismwith their
regular diet. Patients with 10%e20% TBSA burns gener-
ally are able to meet caloric needs by increasing the
amount and quality of a high-protein/calorie diet.100

This is facilitated by consultation with a dietitian.
In patients with severe burns, oral/facial burns, or

requiring mechanical ventilation, the oral route is insuf-
ficient to meet energy requirements.101 EN and/or PN
need to be implemented when oral delivery is less
than 60% of the daily energy requirement. Under certain
extreme conditions when these routes are not available,
the oral route with high-protein foods and small
frequent feeding is encouraged. Patients might be
allowed to eat and drink whenever possible based on
triage treatment plans and individual patient tolerance.

Monitoring a patient’s nutritional status is always
necessary.102

Enteral

EN is the first choice for severe burn patients. The
presence of nutrients maintains the integrity of digestive
physiologic function by stimulating blood supply, pre-
serving gut mucosa integrity, and decreasing bacterial
translocation.103,104 In addition to its biological benefits,
EN is a clinically safe and effective feeding route.

Early enteral nutrition (EEN) is more amenable for
patients’ recovery and survival. EN prior to surgical
procedures provides more benefits, including fewer
complications, a reduction in length of stay, and
reduced financial cost compared to PN.105 Animal
studies with enteral feedings initialized 2 h after burns
demonstrated metabolic improvements in pigs.106

Early enteral feeding even initiated within the first
6e12 h after injury improves immune and metabolic
function and reduces complications.107 EEN was also
accessed to be effective and safe.108 A reduction in
mortality was reported with early (3e6 h) vs. delayed
(>48 h) EN in a randomized clinical trial with 688 chil-
dren.109 However, EEN benefit is not always reported
to be significant. A British study of about 2400 patients
showed that the route of delivery of early nutritional
support enteral vs. parenteral did not affect the
30-day mortality in critically ill patients, but the enteral
route attenuated the incidence of hypoglycemia and
vomiting.110 Another study found EEN did not affect
the hypermetabolism in burns.111 The clinical practice
guidelines (CPGs) from the European Society of Inten-
sive Care Medicine sites 17 recommendations of EEN
within 48 h in critically ill patients. Seven were sited
of delaying enteral nutrition in those with uncontrolled
shock and GI symptoms.112 At the present, the
consensus is to initiate enteral feeding early.

Small-bore (5e12 French) or large-bore (�14 French)
feeding tubes are typically selected dependent on the
insertion site (nasal, oral, percutaneous) and location
of the terminal end of the enteral device (stomach, duo-
denum, proximal small bowel).113 Gastric feeding has
the advantages of large-bore tubes to give bolus feeds;
however, the ileus often develops following burn injury.
Smaller postpyloric tubes are more prone to clogging
and malposition, but they are more comfortable and
postpyloric feedings can be initiated safely. Nasal/oral
tubes are usually placed for short-term (<4e6 weeks)
use, while tube enterostomies are employed for long-
term (�4 weeks) EN support.114 In the most severely
burned patients, the gastric route should be attempted
first, keeping the postpyloric access option or even
percutaneous endoscopic gastrostomy as backup in
case of pyloric dysfunction.115 Radiographic verification
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of blindly tube insertion is advocated before initiating
feeding.116

EN products are commercially available and dis-
cussed above. Continuous feeds are more favorable
with less chance of aspiration, infection rate, and
moralities.117e119 Burn patients usually take a lower res-
idue containing 1 kcal/mL product with protein supple-
ment. Routine water flushes are recommended to
maintain tube cleanness without block. ASPEN Safe
Practices for Enteral Nutrition Therapy updated in
2018117 described general EN use procedures, which
include the following steps: patient assessment; pre-
scribe EN regimen; EN order review-procedure material
preparation; EN regimen administration; monitor and
reassess; and feedback to justification of the first step
of patient assessment.

The common complications with EN are gastrointes-
tinal tract symptoms including nausea, vomiting,
abdominal distention, diarrhea, constipation, and aspi-
ration. Clinical management to avoid these complica-
tions should include chlorhexidine mouthwash in
orally intubated patients,33 inclined bed,119 and proki-
netic agents.120

Other rare enteral feeding complications are refeed-
ing syndrome and nonobstructive bowel necrosis.
Burn patients with preexisted malnutrition are at greater
risk for these complications. Aggressive enteral feeding
can cause nonobstructive bowel necrosis. Thus, initial
fiber-free enteral feeding should be undertaken
cautiously, especially in patients with critical conditions,
such as shock, on mechanical ventilation, or being
administered anesthetic and analgesic medications, etc.

Parenteral

PN can quickly deliver energy and nutrients into the
body system for those patients who are not able to meet
nutrition requirements when other routes are not avail-
able or insufficient. PNwas routinely used back to 1970s;
however, now PN is the alternative after EN consider-
ation for burn patients because of purported EN biolog-
ical benefits.121 Intravenous route of PN increases the
tendency of infection mechanical and infectious compli-
cations of catheters, and PN solutions are also costive
compared to EN formulas. Van Den Berg’s group re-
ported that initiation of PN after 8 days has a better re-
covery effect with less complications compared to
earlier PN initiated within 48 h in 2312 adults in the
intensive care unit (ICU).122

The commercial formula for PN consist all essential
nine amino acids.123 PN is recommended to provide
60%e70% of nonamino acid calories as dextrose and
30%e40% of nonamino acid calories as fat emulsion in
ICU patient. The maximal dose of lipid emulsion infu-
sion is 1.0e1.3 g/kg/day.124e127 The composition of
PN, infusion rate, and delivery line care are considered

when providing this form of nutrition. PN can be deliv-
ered as complete solutions given by either a peripheral
or central vein. The use of a central vein allowsmore vol-
ume of concentrated dextrose and amino acid to be
delivered to meet the nutrition requirements in ICU crit-
ical patients (Table 34.3). The ESPEN recommendation
of PN in critically ill patients126 supported the use of
6e8 mmol/L (100e150 mg/dL) of glucose, which has
also been advocated for use in major burns.30

Previously, PN was suggested to result in over-
feeding, especially when calculation of energy require-
ments was not accurate. In the late 80’s, overfeeding/
hyperalimentation was observed in patients with PN
specifically due to the lack of glucose control.24 PN
formulations can cause increases in proinflammatory
mediators,128 which are associated with steatosis,129

immunosuppression,24 and elevated mortality.130

Patients with PN should be monitored closely for tight
glucose control with administration regulated in
response to the changing energy requirements over the
course of recovery.

PN complications are associated with technical line
placement. Inappropriate line placement can cause
pneumothorax, hemothorax, and pericardial tampo-
nade. Indwelling central venous line may lead hemor-
rhage or air embolism. A long-term use of central lines
for PN delivery is also suggested to increase the risk of
infections. PN solutions have been reported to result in
metabolic complications, which may be severe to mod-
erate or common to rare.

EN and PN are given based on clinical judgment.
Table 34.4 presented three examples to demonstrate
nutrition derangements during the delivery route
changes: a typical maintenance regimen for severe burns
containing a high-protein formula; enteral feeding
decreasing to reduce glucose intolerance; and using a
high-fat diet resulting in fewer carbohydrate calories,
which is especially for patients with diabetes or insulin
resistance as a result of burns.

D. Nutrition Monitoring and Evaluation

Nutrition risk screening and monitor procedure

Though there is no defined clinical procedure of
nutritional evaluation in burn and trauma, the guide-
lines should be in place to monitor the patient nutrition
status. Monitoring has been defined as “the chance of a
better or worse outcome from disease or surgery accord-
ing to actual or potential nutritional and metabolic
status,” and nutritional risk scaled by ESPEN and Nutri-
tional Risk Screening 2002.131 The procedure of nutrition
assessment covers several administrative steps for
different levels of health care personals. A predesigned
format of survey or procedure should include
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TABLE 34.3 Parenteral nutrition components.

Component Peripheral vein PN Central vein PN

Volume (L/day) 2e3 1e1.5

Dextrose (%) 5 10e25

Amino acids (%) 2.5e3.5 3e8

Lipid (%) 3.5e5.0 2.5e5.0

Sodium (meq/L) 50e150 50e150

Potassium (meq/L) 20e35 30e50

Phosphorus (mmol/L) 5e10 10e30

Magnesium (meq/L) 8e10 10e20

Calcium (meq/L) 2.5e5 2.5e5

Vitamins *

Trace elements/minerals **

*Vitamins typically added on a daily basis to peripheral vein and central vein PN comprise commercial mixtures of vi-

tamins A, B1 (thiamin), B2 (riboflavin), B3 (niacinamide), B6 (pyridoxine), B12, C, D, and E, biotin, folate, and pan-

tothenic acid. Vitamin K is added on an individual basis (e.g., in patients with cirrhosis). Specific vitamins can also be

supplemented individually.

**Trace elements/minerals typically added on a daily basis to peripheral vein and central vein PN comprise

commercial mixtures of chromium, copper, manganese, selenium, and zinc. Minerals can also be supplemented

individually.
Adapted from Zhao VM, Ziegler TR. Specialized nutrition support. In: Erdman Jr, JW, Macdonald IA, Zeisel SH, eds.

Present Knowledge in Nutrition, 10th edition. Oxford: Wiley-Blackwell, 2012:982e999.

TABLE 34.4 Nutrition change with delivery route.

Feedings IV dextrose Total

Example 1: Maintenance feeding and IV

mL/h 100 200 300

Kcal/d 2400 680 3080

Protein g/d 150 0 150

Carbs g/d 271 240 511

Fat g/d 82 0 82

Example 2: Decreasing feeding and increasing IV

mL/h 50 250 300

Kcal/d 1200 1020 2220

Protein g/d 75 0 75

Carbs g/d 136 300 436

Fat g/d 41 0 41

Example 3: Changing formula to glucerna

mL/h 100 200 300

Kcal/d 2400 680 3080

Protein g/d 100 0 100

Carbs g/d 229 240 169

Fat g/d 131 0 131

Adapted from Saffle JR, Graves C. Nutritional support of the burned patient. In: Herndon DN, ed. Total Burn Care, 3rd edition. Edinburgh:

Saunders Elsevier, 2007: 398e419.
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standardized data collection procedures and periodic
monitoring throughout a patient’s hospitalization.

Nutrition assessment of the burned patient begun at
admission as it depends on a complete review of the his-
tory and physical exam. Patients’ demographic informa-
tion as to preexist diseases affects the nutrition plan.
Hypermetabolism changes fluxes the nutritional need
in the patient, certain comorbidities, and manipulation
such as infections, ventilator support, and hypoprotei-
nemia, further varying nutrition requirements. The hy-
permetabolic state persists for over years after burn,
and the continuous nutrition support and assessment
are also important for patients even after discharge
from the hospital. Considering environmental limita-
tions, such as it is practical for patients to regularly
weigh and feed themselves in order to maintain body
weight as instructed by the physician and dietician
need to be considered. An increased caloric intake
with a high-protein component is usually recommended
for about a year after discharge.

Nutrition assessment methods

Clinical examination and additional laboratory mea-
surements are recommended not only for the initial
assessment but also for the continued monitoring post-
burn. Serum proteins, nitrogen balance, anthropometric
measurements, intake and output of fluids, IC, and tests
of immune function are methods that provide a fair
overview of the metabolic alterations in the postburn
period. A survey from 65 burn care resources in North
America summarized the order of parameters used to
assess the adequacy of nutritional support: prealbumin
(86% of centers), body weight (75%), calorie count
(69%), and nitrogen balance (54%).132 In addition, mea-
surement of BMI is easy to acquire. However, body
weight value could be affected during resuscitation at
the early stage. The body weight increases as great as
10% have been reported during the acute phase. Though
eventually via diuresis this weight gain is lost, the time
course of the loss depends on clinical needs, thus body
weight is unpredictable during this period. Dual X-ray
absorptiometry medical imaging of lean body mass
and bone density can also assist nutrition monitoring
of patients.

Nitrogen is a fundamental component of amino acids
metabolism. Nitrogen balance is the parameter to assess
the efficiency of protein metabolism, and a negative
nitrogen balance often occurs with burns, trauma, and
periods of fasting, while measurement requires accurate
urine collection for determination of urea nitrogen
(UUN) as well as documentation of dietary nitrogen
intake.133 Nitrogen balance is calculated between the
daily amount of nitrogen intake and nitrogen excreted:
Nitrogen balance ¼ [Daily protein intake/6.25]�
[1.25 � (UUN þ 4)]. Nonurinary nitrogen losses (4 g)

and 1.25 multiply correction are for excessive loss in
burns, mostly protein-enriched exudate from skin
wound.134

Lab examination of serum hepatic protein levels has
been used with limitations noted. Albumin was
depressed after burns even with proper nutrition and
appears to be more closely correlated with the inflam-
matory response than nutritional status.135 Prealbumin
is theoretically sensitive for nutrition monitoring; how-
ever, its half-life is over 2 days, tempering its association
with nutritional status especially in the dynamic phase
immediately postburn.136 Protein markers, if used,
should be interpreted in context with the patient’s clin-
ical status.

Monitoring hyperglycemia

Hyperglycemia is extremely common in burn pa-
tients. With the hypermetabolic state, patients develop
insulin resistance. Persistent hyperglycemia has been
associated with an increased risk of infection and
other poor outcomes. Intensive glucose control with
glucose levels of 80e110 mg/dL has been attributed
to beneficiary effects, such as less multiple organ
failure, a decreased rate of infection, shorter length of
stay, and decreased mortality when compared to tradi-
tion control, which show glucose levels in a
180e200 mg/dL range.137 Since tight blood glucose
controls have been recognized, comprehensive proto-
cols were adopted in many burn ICUs. Because of the
nature of insulin resistance, effective glucose controls
require glucose monitoring, nurse time, and substantial
insulin doses.

IV. NONNUTRITIONAL SUPPORT
AGENTS AND MANIPULATIONS

Pharmacological and nonnutritional clinical manage-
ment strategies have been developed during past
decades to improve nutritional care. Clinical manipula-
tion, such as increasing the ambient environmental tem-
perature, anabolic agents, pain relievers, and physical
rehabilitation, is to attenuate stress and reduce catabo-
lism in critically ill burned patients.30 The primary target
of these applications is to maintain metabolism in burn
patients; therefore, they are closely correlated to clinical
nutrition care management.

A. Medications

Oxandrolone is an anabolic steroid and synthetic
androgen. It has been shown to significantly increase
lean body mass retention, bone mineral content, and
density and decrease length of hospital stay.138 The
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dose of 0.1 mg/kg bid from 6 to 12 months postburn in
children has been demonstrated to have beneficial ef-
fects.139 Oxandrolone is often continued in the outpa-
tient setting. Elevated aminotransferase (ALT over
200 U/L) levels are a reported side effect, thus liver
function tests should be considered.

Propranolol is a nonselective beta-adrenergic receptor
blocker and previously shown to lower heart rate by
20% in patients with burns who have an increased rate
due to their hypermetabolic state. Recent studies, by
the Galveston group, showed its benefit on the skeleto-
muscular system as long-term usage of propranolol
(4 mg/kg/d) improved lean body mass and decreased
bone loss.140 A systemic review from 10 clinical trials
also showed the benefit of propranolol with additional
effects of reducing BEE and central fat deposition.141

The studies were in consensus by the American Burn
Association in 2013.142 The awareness of side effects is
bradycardia and hypotension.

Insulin affects both anabolism and decrease proteoly-
sis. Insulin can decrease hyperglycemia and is associ-
ated with improved wound healing resulting in a short
length of hospital stay when applied with a high-
carbohydrate, high-protein diet.143,144 However, the
side effect of insulin is hypoglycemia, subsequently
leading to worse outcome of infection risk.145 Current
critical care nutrition guidelines recommend blood
sugar control at a target range of 140e180 mg/dL. Pa-
tients must be monitored closely with a tight blood
sugar control as there is an increased risk of
hypoglycemia.

Metformin decreases blood sugar with other potential
benefits. Several small clinical trials demonstrate the
benefit of glucose control in burn patients with 850 mg
qid for 7 days146 and a lower incidence of hypoglycemia
compared to insulin treatment.147 The side effect note in
burns is lactate acidosis.

Other medications have been evaluated in burns.
The effect of recombinant human growth hormone is
controversial. It improved LBM accretion after burns
in pediatric patients,148 but in studies of critically ill
adults, an increase in mortality has been reported.149

Insulin-like growth factor 1 (IGF-1) is 3e4 times lower
than normal in burn patients, and several studies
showed that exogenous infusion of IGF-1 maintains
metabolic status.150 More research is needed regarding
the efficacy and safety of these anabolic agents in
patients.

B. Probiotics and Synbiotics

The development of probiotics treatment, to restore
normal bacteria flora (microbiome) of the gut, has
been investigated in other types of critically ill patients
(Lactobacillus and Bifidobacterium). However, the

progress of clinical application is slow in burns. El-
Ghazely et al.151 suggested clinical benefits in children
with burns on probiotic treatment, with improved
wound healing and a reduced length of stay, without
changes in the rate of infections. Mayes152 reported
the nonclinical benefit in burn pediatric patients with
probiotic administration. Additional research as to the
clinical efficacy of probiotic treatment appears to be
warranted.

C. Fluid Resuscitation

Though it is not a direct nutritional support, fluid
resuscitation influences nutrition delivery and absorp-
tion. Composition and volume of the fluids are related
to nutritional support. Some colloids and albumin serve
dual roles in regulating osmolarity and metabolism.
Fluid supplements are affected by the calorie nutrition
calculation as well as the concentrations of various
macro- and micronutrients.

Burns less than 15%e20% TBSA can be cared for by
oral hydration, while burns greater than 20% TBSA often
require intravenous resuscitation. The increase in fluid
requirements in the patient with severe burns is due to
increases in vascular permeability and increased fluid
loss from damaged skin. Sufficient fluid resuscitation
is thus important to maintain the body function. The
most commonly used formulas to direct fluid resuscita-
tion are the Parkland, modified Parkland, Brooke, modi-
fied Brooke, and Evans and Monafo’s formulas.153 The
Parkland formula is 4 mL lactated Ringers/kg per %
TBSA burned, with half of total volume given over the
first 8 h and the remaining half of total volume given
over the next 16 h, titrated to maintain adequate urine
output. The use of lactate solutions in burns up to 40%
TBSA without inhalation injury is safe. Be aware, the
volume of colloid solution used in resuscitation needs
to be lower in patients with preexisted heart disease,
larger burns (>40%), or inhalation injury.154

V. SPECIAL POPULATIONS IN BURN
NUTRITION MANAGEMENT

A. Pediatrics

Pathophysiological responses to burns are differed
from children to adults due to differences in the body
mass to body surface relationship. As a result regarding
nutritional support, pediatric patients require special
care as they have an increased risk of hypothermia after
burn. In addition, following the general rule of nutrition
management after burn of determining energy expendi-
ture, when gold standard of IC is not available, the Scho-
field equation is suitable for children (Table 34.5).155
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The disadvantage of the Schofield equation, a fixed
equation, is not integrating changes over time. The
Galveston group developed a formula that can be used
in children down to 1 year of age (Table 34.6).

Additionally, for consideration in the nutritional
management for children, they have a smaller energy
reserve and higher energy and protein requirements
than adults. There are commercially available products
that are designed especially for pediatric patients. Based
on the additional need of growth development, protein
could increase to 2.5e4.0 g/kg/day for burned children.
Nutrition delivery with postpyloric tube feeding is
easier in children than in adults.

B. Obesity

The rate of obesity has increased, in the past decades,
worldwide. In obesity patients, chronic inflammation
triggered intracellular signals156 that have an impact
on physiological responses, especially metabolic home-
ostasis.157 Obesity can interfere with initial nutritional
assessment, when body weight is the primary parameter.

Though hypocaloric feeding with a low calorie and high
protein diet is suggested to maintain lean body mass for
obesity patients, there is currently limited data to
endorse care guidelines for patients who are obese.

C. Military

Military-based burn care has its specialty. The adver-
sity of burns in the military field is that burns often com-
bined with multisystem traumatic injuries, limited
medical supplies, equipment and care on the battlefield,
and multiple-treatment levels. Among combat casualties,
2%e10% involved burn-related injuries.158 About 20% of
combat burns are greater than 30% TBSA.159 Burn CPGs
were created in 2006 to guide medical care of the combat
casualty with burns.160 The Milner equation was applied
to determine REE in the military field with �20% TBSA
burns.161 Nutritional care on the battlefield follows the
general guideline promulgated by consensus of military
and civilian providers. Earlier enteral nutrition within
24 h is the recommended. The EN rate starts at 20 mL/
h and increased by 2 0 mL/h every 4 h to reach the
goal of calorie requirements (100 � 20%) on day 3 after
admission.33 As military casualties are often transported
over long distances, EN can be started 96 h after injury
and later when patients settled down and in the flow
phase of metabolism.158 Later EN is also delayed to limit
the potential risk of aspiration during the transporta-
tion.162 While a taxing environment in which to care for
the casualty in combat, the outcomes are similar to those
attained in civilian populations.163

Humane catastrophe scenario possibly generates a
large number of combined or multiple trauma injury
types with the inclusion of severe burn in a short time

TABLE 34.5 Schofield equation of pediatric energy requirement.

Age Sex Requirements

3e10 years Male (19.6 � weight) þ (1033 � height) þ 200

Female (16.97 � weight) þ (1618 � height) þ 371.2

10e18 years Male (16.25 � weight) þ (1372 � height) þ 515.5

Female (8365 � weight) þ (4.65 � height) þ 200

Weight (kg), height (cm).

Adapted from Rousseau A-F, Losser M-R, Ichai C, et al. ESPEN endorsed recommen-

dations: nutritional therapy in major burns. Clin Nutr 2013;32(4):499e502.

TABLE 34.6 Galveston pediatric energy calculation.

Formula name Calculation equation by age

Age (years) 0e0.5 0.5e1 1e3 3e10 10e11 11e14 14e15 15e18

BSA (m2) 0.5 e 0.6 1.1 e 1.6 e e

BEE (WHO) Female
Male

(61 �W) � 51
(60.9 � W) � 54

(22.5 �W) + 499
(22.7 �W) + 495

(12.2 � W) + 746
(17.5 � W) + 651

Recommended dietary
intake (RDI)3,28

108 �W 98 �W 102 � W 90 � W 55 �W 55 �W 47 � W 47 �W

Galveston 2100 � BSA + 1000 � BSA � TBSA 1800 � BSA + 1300 � BSA � TBSA 1500 � BSA + 1500 � BSA � TBSA

Curreri junior RDA + (15 � TBSA) RDA + (25 � TBSA) RDA + (40 � TBSA) e

BEE, basal energy expenditure; Cl, calorie intake the previous day; RDA, Recommended dietary allowance; RDI, Recommended dietary intake; TBSA, burn size

(percent total body surface area); W, weight in kilograms.

** BSA average 0.5 m2, 10 kg, 1 month old; 0.6 m2, 12 kg, 3 years; 1.1 m2, 30 kg, 10 years; 1.6 m2, 10 years; 60 kg, 14 years.
Adapted from Saffle JR, Graves C. Nutritional support of the burned patient. In: Herndon DN, ed. Total Burn Care, third edition. Edinburgh: Saunders Elsevier, 2007; p. 398e419.
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period. In emergency situations with limited resources,
nutritional management is compromised and alternative
procedures employed. In 2016, ABA summarized the
recommendation of burn nutrition guidelines under
austere conditions.102 The recommendations simplified

themedical professional criteriawith a general preparation
plan and care principles for the public. However, there
are limited data as to nutritional care under a crisis,
such as a mass casualty, and investigations should be
continued.

RESEARCH GAPS

Burn injury belongs to trauma, and it represents the extreme in nutritional support requirements. Burns pro-
duce the greatest alteration metabolism, with a hypermetabolic state that persists for years after the injury.
General guidelines have been developed to address each aspect of nutritional management, taking into ac-
count the unique requirements of the patient with burns. This chapter presents the mechanistic and “mate-
rial” aspect of nutrition care. The varied “human” side of health care, including a network of education,
management, coordination, and procedure implantation, needs to be established. A fully developed protocol
involved all team members who provide optimal nutritional care to burn patients. Mainly due to the charac-
terization of severe burn, the treatment procedure is difficult and standardized. Furthermore, nutritional sup-
port should be specialized as the current population change. A feasible and broad applicable procedure of
burn care management for austere scenario should be considered for preparation in the future.

Nowadays, high technology related to health care has been developed including a cloud database, an arti-
ficial intelligence (AI) program, a telemedicine diagnosis of home nutrition support, and robotic surgery, all
new techniques could help to manage nutrition at every aspect, will change the current nutrition support
setting. Recently, Dr. McMahon, the president of the ASPEN, has created an AI program called FEED (Feeding
Effectively Using Electronic Data) Mayo Clinic. The program is to focus on the safety and quality of patients
receiving nutritional support. Technology such as this will greatly improve compliance with guidelines result-
ing in better outcomes and function of the patient with severe injuries.
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nutritional deficiencies, 441
nutrition counseling, 445
obesity, 438
pediatric nutrition, 441
protein, 443e444
protein-energy wasting (PEW), 436e438
renal formulas, 442t
renal replacement therapy (RRT), 435,

443
stages, 436t
subjective global assessment, 440
trace elements, 445
vitamins, 444e445

Chronic low-grade inflammation, 87
Chronic purging behavior, 349
Civic engagement, 322
Civil and Political Rights, 320e321
Cognitive behavioral therapy (CBT), 356
Cold weather rations, 132e133
Colostrum, 68e69, 73
Committee on Military Nutrition Research

(CMNR), 125
Complementary foods, 14
Composition database, 211
Concentration markers, 254
Continuing Survey of Food Intake by

Individuals (CSFII), 191e192
Continuous ration feeding, 133
Contraindications, 68

Convenience, 191e192
Coronary heart disease (CHD), 336e337,

394e395
C-reactive protein (CRP), 558e559,

588e589
Critical illness
acute kidney injury, 597
acute lung injury, 595e597
acute phase response, 588e590, 588f
Acute Physiology and Chronic Health

Evaluation II score (APACHE II),
590

acute respiratory distress syndrome,
595e597

acute respiratory failure (ARF), 595e597
blood micronutrient, 589, 589f
cardiovascular disease, 597e599
C-reactive protein (CRP), 588e589
cytokines, 588e589
energy, 592t
gastrointestinal (GI) physiology,

587e588
intensive care unit (ICU), 588
multiple organ dysfunction syndrome,

594e595
nutritional needs, 591, 591t
nutrition status, 590e591
nutrition support, 593e594
adult patients, 593
enteral nutrition, 593
pediatric patients, 593e594

obesity, 591e593
parenteral nutrition (PN), 594
randomized controlled trial (RCT),

589e590
refeeding syndrome, 594
risk assessment, 590e591
selenium, 589e590
sepsis, 594e595
traumatic brain injury (TBI), 599

Cultural rights, 320e321
Cyclic feedings, 577
Cytokines, 553t

D
Daily intakes, 50t, 89te91t
Daily value (DV), 281
Dairy products, 386e387
Data gaps, 284
Data quality, 228
evaluation system
analytical methodology, 214e215
analytical quality control, 215
number of samples, 214
sample handling, 214
sampling plan, 214

Delayed IgE-mediated hypersensitivities,
539

Delayed umbilical cord clamping,
516e517

Deregulation, 318e319
Diabetes
carbohydrate quality, 373e374
characteristics, 364
classes of, 361
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definitions, 362t
gestational diabetes, 373
insulin resistance. See Insulin resistance
management implications, 373
primary treatments, 367e374
type 1 diabetes, 366
type 2 diabetes, 366

Diarrhea, 487
Diet, 400e403
n-3 fatty acids, 402e403
food allergies, 541e542
a-linolenic acid, 402
liver disease, 490e493
macronutrients, 402
marine-derived n-3 fatty acids, 402e403
poor-quality diet, 400e401
sodium, 401e402

Dietary Approaches to Stop Hypertension
(DASH), 236, 336, 403e404

Dietary carotenoids, 340
Dietary costs, 190e191
Dietary diversification, 514
Dietary guidance, 49e55
Dietary Guidelines Advisory Committee

(DGAC), 244
Dietary intake assessment, 40
analytical approach, 258
automatic dietary monitoring, 257
available methods, 251e254
biomarker requirements, 254e255
biomarkers, 263
comparability with other studies,

259e260
concentration markers, 254
costs, 260
description, 257
dietary history, 252e253
dietary supplements, 256e257
expertise, 260
feasibility, 260
food frequency questionnaire method,

253
food models, 257
food photographs, 257e258
food records, 251e252
fortified foods, 256e257
intake biomarkers, 254e256
measurement error, 260e262
metabolomics, 263
multiple food records, 253e254
predictive biomarker, 254
purposes, 250e251
quality assessment, 256e258
quantification of portions, 257e258
recovery markers, 254
reference period, 258e259
replacement biomarkers, 254
scales, 257
self-reports, 251e252, 262e263
sources of variation, 260
strengths and limitations, 255e256
study population, 259
technology based methods, 250
technology-based tools, 257

twenty-four hour food recall, 252
types of error, 260e262

Dietary lipids, 385
Dietary macronutrient composition,

173e175
Dietary patterns, 403e405
assessing, 237e242
assessment and methodology,

238te239t
bone disease, 529
cluster analysis, 240
comparability of, 242e243
data-driven methods, 237e241
definitions, 235e236
diet quality, 242t
factor analysis, 237e240
important exposure, 236e237, 236f
investigator-defined patterns methods,

241e242
nutrition science, 243e245
behavioral research, 243e244
dietary pattern research, 244e245
etiological research, 243
monitoring and surveillance, 244

person-centered approaches, 240
principal component analysis, 237e240
reduced rank regression, 240e241
research, 245

Dietary Patterns Method Project, 243
Dietary protein
bone disease, 528e529
bone mineral density, 528
calcium interaction, 528e529
fracture risk, 528

quality evaluation, 278
Dietary reference intakes (DRIs), 72t,

272e276
Dietary Supplement Ingredient Database

(DSID), 208
Dietary Supplement Label Database

(DSLD), 208
Diet composition, 146e147
Diet quality, 57e58, 242t
Disinhibition, 145
Distorted eating patterns, 312e313
Docosahexaenoic acid (DHA), 93
Donor human milk (DHM), 6
Dual-energy X-ray absorptiometry (DXA),

440
Duodenal/proximal small bowel

disorders
celiac disease, 420
irritable bowel syndrome (IBS), 420
T-cell lymphoma, 427e428

Dysbiosis, 488e489
Dyslipidemia, 438

E
Eating behaviors, 170e171
biologic and metabolic adaptations,

161e162
body weight regulation, 160
control center, 144
energy leptin/regulation, 161e162
food choice. See Food choice

habit-driven food intake, 161
hedonic food intake regulation reward

system, 161
homeostatic system, 161
malnutrition, 159
obesity, 143e144, 159e160
weight gain, 144
weight loss (WL), 144, 159e160
benefits, 162e163
biologic/metabolic adaptations,
161e162

lifestyle modification, 163e165
Eating disorders
anorexia nervosa (AN), 348e349
binge eating disorder (BED), 347
bulimia nervosa (BN), 349
cognitive behavioral therapy (CBT), 356
family-based treatment (FBT), 354e356
medical assessment, 351e352, 351t
medical complications, 348e351
micronutrient deficiencies,

349e350
nutrition assessment, 352e353
nutrition therapy, 356e357
other specified feeding or eating

disorder (OSFED), 347e348
pharmacotherapy, 357
prognosis, 357e358
psychological assessment, 353e354
refeeding syndrome, 350e351
risk factors, 354, 355t
treatment, 354e358

Economic rights, 320e321
Economic stress, 317e318
eHealth interventions, 169
Eicosapentaenoic acid (EPA), 93
Electrolyte abnormalities, 349
Elevated LDL-C, 405
Emotional and external eating behavior,

145e146
Emotionality theory, 146
Endocrine abnormalities, 348e349
Endocrine disorders, 525e526
Endothelial injury, 395e396
Endothelium, 394
Energostatic pathways, 150
Energy, 37, 49e50
availability, 103
balance, 153e154
density, 147
intake changes, 102e103
leptin/regulation, 161e162
metabolism, 456e457
requirements, 93

Enteral nutrition (EN), 11e12, 569e570,
572e579, 573t, 614

Enteral tube feeding, 572e574, 577e579,
578t

Eosinophilic esophagitis (EoE), 415, 540
Episodic fasting, 166e168
Error
biomarker errors, 262
measurement error
evaluation, 262
removing, 262
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random between-person error, 261
random within-person error, 260
systematic between-person error, 261
systematic within-person error, 260e261
types, 260e262

Esophageal disorders
eosinophilic esophagitis, 415
gastroesophageal reflux disease,

414e415
proton pump inhibitors (PPIs), 414e415
vitamin B12, 414f

Estimated average requirement (EAR), 274
Estimated energy requirement (EER),

49e50
Estrogen deficiency, 86
Estrogens, 525
European Food Safety Authority (EFSA),

268
European Society for Clinical Nutrition

and Metabolism, 91
Expert committees, 282
Extensively hydrolyzed (EHF), 9
Extractionism, 319

F
Factor analysis, 237e240
Family-based treatment (FBT), 354e356
Fat, 175e176, 444
Fats and fatty acids (FAO), 279
Fat-soluble vitamins, 71e73, 419e420,

459e460
vitamin A, 459
vitamin D, 459e460
vitamin E, 459
vitamin K, 459

Fatty acid ethyl esters (FAEEs), 452
n-3 Fatty acids, 402e403
Feeding behavior, childhood
early childhood, 34
middle childhood, 34
toddlers, 33e34

Female athlete triad, 116e117
Ferrous iron, 506
Fetal alcohol spectrum disorders (FASDs),

55, 469
FGID. See Functional gastrointestinal

disorders (FGID)
Fiber, 38, 93e94
Fibroblast-like synoviocytes (FLSs),

559e560
Field rations test/evaluation
cold weather rations, 132e133
continuous ration feeding, 133
field ration studies, 131
hot weather rations, 132
limited use rations, 133e134
ration technology development,

130e131
Field ration studies, 131
Fill-in missing values, 213
Fluid needs, 69
Fluid requirements, 18
Folate, 52e53, 508e510
Folic acid, 461e462

Food addiction, 149e150
Food allergies
abnormal physiology, 536, 536t
alpha-gal syndrome, 543
celiac disease, 540
cell-mediated hypersensitivities,

539e540
delayed IgE-mediated

hypersensitivities, 539
diet, 541e542
dietary management, 543e544
diseases, 535e536
eosinophilic esophagitis (EoE), 540
epigenetic factors, 542
food intolerances, 541
food protein enteropathy (FPE), 540
food proteineinduced enterocolitis

syndrome (FPIES), 540
food sensitivities, 540e541
gastrointestinal microbiome, 542
gastrointestinal symptoms, 537e538,

537t
gliadin, 540
IgE-mediated food allergy, 536e539,

537f
individualistic adverse reactions, 536t
lactose intolerance, 541, 544
Learning Early About Peanut (LEAP)

trial, 542
medical treatment, 542e543
nonceliac gluten sensitivity, 541
pharmacological approaches, 542
sulfites, 541, 544

Food-based toxins, 59e60
Food choice
body composition assessment, 152e155
energy balance, 153e154
overfeeding, 154e155
weight gain, 154
weight loss, 154

nonnutritional influences, 147e150
food addiction, 149e150
palatabilityesensory capacity,
147e148

portion size, 148e149
sensory variety, 148
stress, 149

nutritional influences, 146e147
diet composition, 146e147
energy density, 147

physiology, 150e152
central nervous system (CNS), 150
energostatic pathways, 150
foodegutebrain axis, 152, 152f
hedonic pathways, 150
satiety cascade, 150

psychology, 144e146
disinhibition, 145
emotional and external eating
behavior, 145e146

emotionality theory, 146
restrained eating behavior, 145

Food components, 206e207
Food composition data, 204f
Food composition tables, 205e206

Food cost, 190
Food frequency questionnaire method,

253
Foodegutebrain axis, 152, 152f
Food industry, 211
Food insecurity
causes, 317e319
civic engagement, 322
components and consequences, 313f
definition, 312
distorted eating patterns, 312e313
Food Insecurity Experience Scale, 313
food shortage, 312
food sovereignty, 320e322
government implementations, 320
human rights, 320e322
hunger, 312e314
Integrated Food Security Phase

Classification (IPC), 314
moderate food insecurity, 313e314
physical consequences, 316e317
poor nutrition, 312e313
poor quality food, 312
prevalence of undernourishment (PoU),

313
psychological consequences, 316e317
resilience, 317
rights of nature, 320e322
severe food insecurity, 313e314
stress adaptation process, 317e318

Food intake behavioral approaches, 164t
Food intolerances, 541
Food labeling, 280e281
Food liking, 189e190
Food models, 257
Food photographs, 257e258
Food protein enteropathy (FPE), 540
Food proteineinduced enterocolitis

syndrome (FPIES), 540
Food records, 251e252
Food safety, 59e60
Food security
definition, 311
multidimensional encompassing, 312
noncommunicable diseases (NCDs), 311
Sustainable Development Goals (SDGs),

312
Food sensitivities, 75, 540e541
Food shortage, 312
Food sovereignty, 320e322
Fortification, 12, 516
Fortified foods, 256e257
Fracture risk, 523e524, 524f
Free trade, 319
Functional gastrointestinal disorders

(FGID), 427e428

G
Galactose-1-phosphate uridylyltransferase

(GALT), 13
Gastroesophageal reflux disease, 414e415
Gastrointestinal disorders
eosinophilic esophagitis, 415
esophageal disorders. See Esophageal

disorders
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gastric disorders, 415e420
gastroesophageal reflux disease,

414e415
hepatobiliary/pancreatic disorders. See

Hepatobiliary/pancreatic disorders
pancreatic disorders. See Pancreatic

disorders
Gastrointestinal microbiome, 542
Gastrointestinal symptoms, 537e538, 537t
Gastrointestinal tract (GIT), 150
Gastroparesis, 486e487
Gestational diabetes, 373
Gestational diabetes mellitus (GDM), 46,

57
Gliadin, 540
Global Burden of Disease (GBD), 451e452
Global nutrition transition, 316
Glucose transporter 4 (GLUT4), 362
Glycemic control, 367e368
G-proteinecoupled pathways, 187
Growth faltering, 17
Growth hormone, 442
Gut barrier dysfunction, 488e489
Gut microbiota composition, 529e530

H
Habit-driven food intake, 161
Hand grip, 440
Harmonization, 282
Health Professionals Follow-up Study

(HPFS), 335
Healthy Eating Index (HEI), 190e191,

241e242, 333
Healthy individuals energy requirements
inadequate energy intake, 129
macronutrition, 130
semistarvation, 129e130
total daily energy expenditure

requirements, 128e129
Hedonic food intake regulation reward

system, 161
Hedonic pathways, 150
Hedonic responses, 189e190
Hepatic encephalopathy (HE), 484
Hepatitis, 348
Hepatobiliary/pancreatic disorders
gallbladder, 420e423
liver, 420e423
pancreas, 420e423

Hepcidin, 506
High-income countries, nutrition

surveillance, 223e225
Australia, 224e225
Canada, 223
Japan, 223
Korea, 223e224
United Kingdom, 225

Highly allergenic foods, 16
High-protein diets, 177
Homeostatic system, 161
Homocysteine (HCys), 92
Hormonal changes, 46e47, 46t
Hot weather rations, 132
Human chorionic gonadotropin (hCG), 46
Human milk, 5e6

Human placental lactogen (hPL), 47
Human rights, 320e322
Hunger, 312e314
Hypertension, 405e406
abnormal physiology/function,

380e382, 381t
alcohol, 386, 465
angiotensin-converting enzyme (ACE),

380
antidiuretic hormone (ADH), 380
blood pressure (BP), 379e380
age-related changes, 380
clinical consequences, 381e382

central nervous system, 381
dairy products, 386e387
diet and lifestyle, 382e384
dietary lipids, 385
fruit and vegetables, 386
hypertensive effect of alcohol, 381
impaired nitric oxide production, 381
integrated dietary approach, 388e389,

388t
nitric oxide (NO), 380
normal autonomic nervous system

control, 380
obesity, 385
pathophysiology, 380e384
plant bioactive materials, 387e388
potassium intake, 387
primary treatment modalities, 384e389
dietary management, 385e388
lifestyle, 385e388
pharmacological treatment, 384e385
surgical treatment, 384

renineangiotensin system (RAS), 380
risk factors, 383e384
salt, 385e386
substitutes, 387

sucrose, 386
worldwide prevalence, 382e383, 383f

Hypertriglyceridemia, 405

I
Ideal body weight (IBW), 4e5
IgE-mediated food allergy, 536e539, 537f
Immunopathology, 551e552
Impaired nitric oxide production, 381
Inadequate energy intake, 129
Infant nutrition
after discharge, 12
assessing growth, 12
dietary guidance, 14e17
issues of concern, 16e17
practices, 14e16

enteral nutrition, 11e12
gastrointestinal function, 4
inborn errors of metabolism, 12e13
life stages, 4e13
normal expected growth, 4e5
donor human milk (DHM), 6
formula, 6e10
growth assessment, 4e5
growth monitoring, 4
human milk, 5e6
term infants, 5e10
weight loss after birth, 4

nutritional requirements, 13e19
global differences, 13
hospitalized infant, 18e19
micronutrient deficiencies, 13e14
supplementation, 13
toddler diet transition, 18

parenteral nutrition, 10
premature infants, 10e12

Inflammatory bowel disease (IBD),
423e427

autoimmune diseases, 549e550, 554t,
561

environmental factors, 561
etiologies, 561
intervention studies, 562e563
observational studies, 561e562

diet therapy, 426e427
general nutritional considerations, 424
risk factor, 421f, 423e424
specific nutrient concerns, 425e426
specific nutrient supplementation, 426

Institute of Medicine (IOM), 47, 125
Insulin-like growth factor 1 (IGF-1), 484
Insulin resistance, 438
abnormal physiology and function,

364e366
determining, 366
inducing insulin resistance, 365
molecular mechanisms, 364e365

actions of, 362
b-cell, 362, 363f
function, 361e364
glucose transport, 361e363
glucose utilization, 361e362
mechanisms, 362e363
physiology, 361e364
sensitivity, 363e364
translocation of glucose transporter 4

(GLUT4), 362
Insulin sensitivity, 370
Intake biomarkers, 254e256
Integrated dietary approach, 388e389,

388t
Integrated Food Security Phase

Classification (IPC), 314
Intensive care unit (ICU), 569e570
Intermittent fasting, 177
International harmonization, 282e283
International variation, 280
Intradialytic nutritional support, 445
Intrinsic factor (IF), 91
Investigator-defined patterns methods,

241e242
Iodine, 55, 508
Iron, 13e14, 54e55
Iron deficiency (ID), 505e508
Iron metabolism, 505e507
Iron supplementation, 13, 514e515
Irritable bowel syndrome (IBS), 420

K
Ketogenic low-carbohydrate, 116
Kidney transplantation, 445e446
Korean National Health and Nutrition

and Examination Survey
(KNHANES), 223e224
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Krüppel-like factors (KLFs), 394
Kupffer cells, 483e484

L
Labeling
alternative formats, 299e300, 300f
caloric information, 296e297
daily reference values, 291
daily value, 291e292
dietary guidance, 307
Dietary Guidelines for Americans

(DGA), 289e290
Dietary Reference Intakes (DRIs), 290
dual columns, 299
exemptions, 300
Food and Drug Administration

Modernization Act of 1997
(FDAMA), 307

food package label nutrition
information, 292e300

footnotes, 298
health benefit claims, 304e307
health claims, 304e306
international nutrition labeling, 304,

305te306t
label requirements for specific products,

301e302
macronutrient content, 297e298, 298t
mandatory nutrients, 291, 293te294t
nutrient content claims, 304
nutrition, 304e307
nutrition facts heading, 296, 296f
nutrition facts revisions
added sugars, 302
dietary fiber, 302e303
folate, 303e304

nutrition facts vertical format
components, 292e300

qualified health claims, 306
Recommended Dietary Allowances

(RDAs), 290
Reference Amounts Customarily

Consumed (RACCs), 290
reference daily intakes, 291
servings information, 296, 296f
structure/function claims, 307
vitamin and mineral content, 298, 299t
voluntary/optional nutrients, 291

Lactation
allergies, 75
bariatric surgery, 74e75
breastfeeding, 68
carbohydrates, 71
colostrum, 68
contraindications, 68
definition, 67
exercise, 75
fat-soluble vitamins, 71e73
fluid needs, 69
food sensitivities, 75
issues, 67e68
lipids, 70
macronutrients, 74
medications, 68t
minerals, 74
nutritional requirements, 69e76

omega 3 fatty acids, 70e71
omega 6 fatty acids, 70e71
physiological demands, 68e69
protein, 70
substances of concern, 74e75
vegetarians, 70
vitamins, 71
water-soluble vitamins, 73e74
weight loss supplements, 75e76

Lactobacillus, 9e10
Lactogenic hormone complex, 68e69
Lactose intolerance, 541, 544
Laparoscopic adjustable gastric band,

417e418
Lean body mass (LBM), 84e85
Lean body weight (LBW), 103
LEAP trial. See Learning Early About

Peanut (LEAP) trial
Learning Early About Peanut (LEAP) trial,

542
Letterman Army Institute of Research

(LAIR), 123
Lifestyle modification, weight loss,

163e165
calorie targets, 165e166
deficits, 165e166
devices/strategies, 169e170
eHealth interventions, 169
episodic fasting, 166e168
food intake behavioral approaches, 164t
food intake rate, 168
long term weight reduction, 163
meal replacements, 168
mindfulness, 168
national recommendations and

guidelines, 165
National Weight Control Registry

(NWCR), 163e165
NIDDK, 165e166, 166f
oral processing time, 168
physical activity behavioral approaches,

164t
resting metabolic rate (RMR), 165e166
smartphone applications, 169
strategies, 167t
wearable technology, 169
weight loss maintenance challenges, 170

a-Linolenic acid, 402
Lipids, 70
metabolism, alcohol, 457e458

Lipopolysaccharides, 488e489
Lipoprotein modification, 396, 396f
Liver axis, 488e489
Liver disease
abnormal physiology, 484e489
alcohol, 466e467
branched-chain amino acids (BCAAs),

485
cholangiocytes, 484
drugenutrient interactions, 497
function, 484e489
hepatic encephalopathy (HE), 484
insulin-like growth factor 1 (IGF-1), 484
Kupffer cells, 483e484
malnutrition, 484e486, 485f, 485t
altered taste, 486

anorexia, 486
bacterial overgrowth, 487
causes, 486e487
complications, 487
diarrhea, 487
diet quality, 486
food availability, 486
gastroparesis, 486e487
hormones and cytokine effects,
487

nausea, 486e487
small intestinal bacterial overgrowth
(SIBO), 487

smell, 486
unpalatable diets, 486

normal function, 483e484
nutritional mechanisms, 487e489
alcoholic liver disease, 488e489,
488f

carbohydrate, 491
diet, 490e493
dietary factors, 488
dysbiosis, 488e489
fat, 490e491
gut barrier dysfunction, 488e489
lipopolysaccharides, 488e489
liver axis, 488e489
microbial metabolites, 488
microbiome, 488
micronutrients, 491e493, 492t, 495t
nonalcoholic fatty liver disease,
489

novel therapeutic strategies, 489
protein malnutrition, 490

pathophysiology, 484e493
physiology, 483e484
primary treatment modalities
inpatient care, 495e496
medical and surgical treatment, 493
nutritional therapy, 493e497
outpatient, 493e495
transplantation, 496e497

stellate cells, 484
Long-term weight loss, 163, 173e175
Loss of muscle mass, 85
Low-density lipoprotein cholesterol

(LDL-C), 394
Low energy availability, 116e117
Lutein, 340

M
Macronutrients, 130, 402, 419
Magnesium, 74, 335, 462
Malabsorption, 91e92
Malnutrition, 94e95, 94t, 159
anemia, 315
causes, 317e319
definition, 314
global nutrition transition, 316
liver disease, 484e486, 485f, 485t
altered taste, 486
anorexia, 486
bacterial overgrowth, 487
causes, 486e487
complications, 487
diarrhea, 487
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diet quality, 486
food availability, 486
gastroparesis, 486e487
hormones and cytokine effects, 487
nausea, 486e487
small intestinal bacterial overgrowth
(SIBO), 487

smell, 486
unpalatable diets, 486

micronutrient deficiency, 315
obesity, 315
overweight, 315
physical consequences, 316e317
psychological consequences, 316e317
resilience, 317
status, 441
stress adaptation process, 317e318
stunting, 315
under-nutrition, 314e315
underweight, 315
wasting, 315

Marine-derived n-3 fatty acids, 402e403
Maternal folate intake recommendation,

73
Maternal milk, 11e12
Maternal nutrient metabolism
albumin, 47
alcohol, 55e56
biosynthesis of estrogens, 46
blood changes, 47
caffeine, 56
calcium, 53e54
carbohydrate, 51
daily intakes, 50t
dietary guidance, 49e55
diet quality, 57e58
energy, 49e50
estimated energy requirement (EER),

49e50
fats and essential fatty acids, 50e51
fetal alcohol spectrum disorders

(FASDs), 55
folate, 52e53
food-based toxins, 59e60
food safety, 59e60
gestational diabetes mellitus (GDM), 46,

57
hormonal changes, 46e47, 46t
Human chorionic gonadotropin (hCG),

46
human placental lactogen (hPL), 47
Institute of Medicine (IOM), 47
iodine, 55
iron, 54e55
key issues, 46
nutritional requirements, 49e60
obesity, 56e57
physiological demands, 46e49
prenatal period, 58e59
protein, 51
small for gestational age (SGA), 49
thrifty phenotype, 50
thyroxine (T4), 55
triiodothyronine (T3), 55

vitamin A, 51e52
vitamin B6, 52
vitamin D, 52
weight gain, 47e49
zinc, 55

Meal replacements, 168
Measurement error, 260e262
evaluation, 262
removing, 262

Medical nutrition therapy (MNT),
368e370

Medications, 68t
Mediterranean diet, 404
Metabolic dysregulation, 175
Metabolomics, 263
Methodological approaches, 271e273
Microbiome, 76b
Micronutrient deficiencies, 13e14, 315,

349e350
Micronutrients, 33, 419e420
Microsomal ethanol oxidizing system

(MEOS), 452
Middle- and low-income countries,

225e228
Ethiopia, 227e228
India, 227
Mexico, 226e227

Military organizational priorities, 123
Military research priorities
military organizational priorities, 123
nutritional health diplomacy, 123
public eye soldier provisioning,

122e123
Milk fat globule membranes (MFGM), 10
Milk protein intolerance (MPI), 9
Mineral/micronutrients, 135
Minerals, 37e38
Mobile food record application (mFR),

229
Modern army nutrition science research,

125, 125f
Modification of Diet in Renal Disease

(MDRD), 437e438
Monosodium glutamate (MSG), 186
Monounsaturated fatty acids (MUFAs),

333
Mortality, 463e466, 504
Multicompartment models, 153
Multiple food records, 253e254
Multiple organ dysfunction syndrome,

594e595
Multiple sclerosis (MS)
autoimmune diseases, 549e550,

553e558, 554t
central nervous system (CNS),
553e555

EGCG, 556e557
information, 553e555
interventional studies, 556e558
mechanisms, 555e558
observational studies, 555e556
pathogenesis, 555

Muscle, 468e469
bone nutrients, 93
retention, 175e176

N
National Collaborative on Childhood

Obesity Research (NCCOR), 220
National Health and Nutrition

Examination Survey (NHANES), 35
National Sample Survey Office (NSSO), 227
National Weight Control Registry

(NWCR), 163e165
eating behavior, 170e171
physical activity levels, 171e172
weight loss, 163e165

Nausea, 486e487
Neoliberalism, 318
Niacin, 461
NIDDK, 165e166, 166f
Nitric oxide (NO), 380
Nitrogen-to-protein conversion factors,

212
NNPAS, 225
Nonalcoholic fatty liver disease, 489
Noncommunicable disease (NCD), 186,

204, 311
Nonnutritional influences, food choice,

147e150
food addiction, 149e150
palatabilityesensory capacity, 147e148
portion size, 148e149
sensory variety, 148
stress, 149

Normal autonomic nervous system
control, 380

NOVA system, 229
Novel therapeutic strategies, 489
Number of samples, 214
Nutrient databases or Food Composition

Databases (FCDB)
another form of the same food, 213
assumed zero, 213
available databases, 207e208
calculations, 212e214
carbohydrate by difference, 213
certified reference materials (CRMs), 211
composition database, 211
contracts, 209e211
data quality evaluation system. See Data

quality evaluation system
data types, 208e214
Dietary Supplement Ingredient

Database (DSID), 208
Dietary Supplement Label Database

(DSLD), 208
energy factors, 212e213
fill-in missing values, 213
food components, 206e207
food composition data, 204f
food composition tables, 205e206
food industry, 211
formulations, 214
literature, 212
nitrogen-to-protein conversion factors,

212
noncommunicable diseases (NCDs), 204
probability-based sampling survey,

209e210
recipes, 213e214
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sampling and analysis, 209
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