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Abstract: Inborn errors of metabolism (IEMs) are genetic disorders that
disrupt enzyme activity, cellular transport, or energy production. They are
individually rare but collectively have an incidence of 1:1000. Most pa-
tients with IEMs are followed by a physician with expertise in biochemical
genetics (metabolism) but may present outside this setting. Because IEMs
can present acutely with life-threatening crises that require specific inter-
ventions, it is critical for the emergency medicine physicians, pediatricians,
internists, critical care physicians, and biochemical geneticists to be famil-
iar with the initial assessment and management of patients with these dis-
orders. Appropriate early care can be lifesaving. This protocol is not
designed to replace the expert consultation of a biochemical geneticist
but rather to improve early care and increase the level of comfort of the
acute care physician with initial management of fatty acid oxidation and
carnitine disorders until specialty consultation is obtained.
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SUMMARY OF THE PROTOCOL

Mitochondrial fatty acid 3-oxidation (FAO) is an important
source of energy for the liver, skeletal muscles, and cardiac mus-
cle. It is also a major source of substrate for the production of ke-
tone bodies, which are used as fuel by the brain when glucose is
unavailable. Fatty acid [3-oxidation and carnitine disorders are ge-
netic disorders that impair mitochondrial FAO. They typically
manifest with episodic metabolic decompensation provoked by
poor caloric intake, emesis, prolonged fasting, intercurrent illness
(eg, infection), medications (eg, valproic acid), and/or high fat in-
take. The clinical presentation of FAO and carnitine disorders can
include hypoketotic hypoglycemia, liver dysfunction, and Reye-
like syndrome. All patients with FAO and carnitine disorders are
at risk for sudden death if not treated promptly and appropriately.
Long-chain FAO disorders (FAODs; very long chain acyl-CoA
dehydrogenase deficiency [VLCADD)], long-chain hydroxyacyl-
CoA dehydrogenase deficiency [LCHADD)], and mitochondrial
trifunctional protein [MTP] deficiency) and disorders of carnitine
metabolism may additionally present with skeletal myopathy (in-
cluding rhabdomyolysis), cardiomyopathy, and cardiac arrhyth-
mia. All patients with poor oral intake should be promptly
treated to avoid complications. The key to acute management con-
sists of high dextrose intravenous (IV) infusion. Long chain disor-
ders are additionally treated with medium-chain triglyceride
(MCT) supplementation. Any underlying illness should be identi-
fied and treated. Of note, most of the patients with metabolic dis-
eases carry emergency room letters that provide more individualized
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management recommendations, as well as the contact information
of the patient's metabolic provider. Suggested management is
summarized in Figures 1 (medium-chain acyl-CoA dehydroge-
nase [MCAD)]) and 2 (long-chain FAO and carnitine disorders).

BACKGROUND

Mitochondrial FAO is an important source of energy for the
liver, muscle, and heart and becomes even more critical with pro-
longed fasting. It is also a major source of substrate for the synthe-
sis of ketone bodies that are a crucial source of energy for the brain
when glucose supply is reduced.! Fatty acids are classified by car-
bon chain length into short-, medium-, and long-chain fatty acids.
Whereas short- and medium-chain fatty acids are thought to freely
diffuse into the mitochondria, long-chain fatty acids require a
3-enzyme “carnitine shuttle” (Fig. 3). Within the mitochondria,
FAO proceeds in a 4-step cycle with each step catalyzed by an en-
zyme that is chain-length specific for short-, medium-, or long-
chain fatty acids.! Defects in almost every enzzymatic step of
FAO and the carnitine cycle have been described.

Each FAO and carnitine disorder has a specific pattern of ab-
normalities on plasma acylcarnitine analysis as a result of the ac-
cumulation of specific chain length species of fatty acid carnitine
esters. These plasma acylcarnitine abnormalities can facilitate the
diagnosis of these disorders but generally do not inform acute
management and so are not discussed further in this article (see
Table 1 for a list of specific FAO and carnitine disorders, their ac-
ronyms, and characteristic acylcarnitine abnormalities).

Metabolic decompensation in FAO and carnitine disorders
may be provoked by poor caloric intake, emesis, prolonged
fasting, intercurrent illness/infection, medications (eg, valproic
acid), and/or high fat intake.>> Presenting features include hypo-
glycemia with insufficient ketosis (hypoketotic hypoglycemia)
and liver dysfunction. Patients may also develop cerebral edema
or a Reye-like syndrome (brain edema, metabolic acidosis, liver
failure).>® All patients with FAO and carnitine disorders present-
ing with poor oral intake are at risk for sudden death if not treated
promptly and appropriately. Long-chain FAODs (VLCADD,
LCHADD, and MTP deficiency) and carnitine disorders can addi-
tionally present with myopathy or rhabdomyolysis, cardiomyopathy,
or arrhythmia.’~'! Symptoms and signs of acute decompensation
are summarized in Table 2.

The key to acute management in all FAO and carnitine disor-
ders is high dextrose IV infusion. Long-chain disorders (VLCADD,
LCHADD, and MTP deficiency) are also managed with diet mod-
ification, including restriction of long-chain triglycerides (eg,
8%—25% of daily calories) and supplementation with MCTs (eg,
10%—20% of daily calories).'>'* Of note, MCT supplementation
is contraindicated in short- and medium-chain FAODs.

MANAGEMENT
1. Laboratory Tests

The following tests should be performed when the patient
presents with features of metabolic decompensation and/or acute
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Management Algorithm for Patients with MCAD Deficiency

Immediate Evaluation

Features of metabolic decompensation and/or acute intercurrent illness
such as nausea/vomiting, decreased oral intake, diarrhea, seizure, fever
or lethargy

'

- Send the following tests:

acuity care unit)

1- Plasma electrolytes, LFTs and blood glucose

- Start IV fluids D10 1/2NS at 1.5X maintenance rate

- Immediate Metabolism/Biochemical Genetics consultation

- Evaluate and treat the underlying etiology for decompensation

- Continue management as inpatient (assess for admission to a high

'

Features of:

deficits)
- Hypoglycemia

- Encephalopathy (decreased level of consciousness, seizure, neurological

- Immediate consultations for ICU

- Admission to a highly monitored setting (e.g. ICU)

- Consider brain imaging to evaluate for brain edema

- Standard ICU management for acute complications such as brain edema

v

- Send the following tests:
1- Plasma acylcarnitines
2- Free and total carnitine levels

intake)

- Repeat lab tests as indicated

- Continue IV fluids D10 1/2NS at 1.5X maintenance rate

- Continue home feeding regimen if tolerated (encourage extra caloric

- Monitor blood glucose very closely (g 1-2 h initially).
- Consider the regular use of antiemitics if indicated

- Continue to treat the underlying illness

- Wean off IV fluids

When improving clinically and biochemically (usually within 24-48 hrs):
- Increase enteral feeds as tolerated

- Ensure adequate enteral/parenteral caloric support to prevent catabolism|
- Continue regular antiemitics as indicated

v

- Normal oral intake
- Normal volume status,

Consider discharging the patient if he/she is clinically well with:

- Normal serum glucose and LFTs

FIGURE 1. Medium-chain Acyl-CoA dehydrogenase deficiency treatment algorithm.

intercurrent illness: blood glucose, liver enzymes/liver function
tests, creatinine kinase, chemistry panel, and ammonia if enceph-
alopathic (see Table 3 for a list of the laboratory and imaging tests
and their indications in patients with FAO or carnitine disorders).

2. IV Fluids

The key to acute management in all FAO and carnitine disor-
ders is high dextrose IV infusion. Intravenous fluids should be
initiated without delay not only in patients with metabolic decom-
pensation but also if the patient has poor oral intake or emesis due

© 2017 Wolters Kluwer Health, Inc. All rights reserved.

to an intercurrent illness (eg, respiratory infection or gastroenteritis)
to prevent a metabolic decompensation.

Intravenous fluids containing 10% dextrose or greater com-
bined with half or normal saline should be started at 1.5 times
the maintenance rate for minimum glucose infusion rate of 8 to
10 mg/kg per minute.>> Intravenous fluids containing 10% dex-
trose (or greater) should be used even if the blood glucose level
is normal; patients with FAOD almost entirely depend on glucose
for their energy needs and can deplete their glucose very rapidly. If
the patient develops significant hyperglycemia (eg, blood glucose
> 250 mg/dL) with glucosuria and has signs of a metabolic
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Management Algorithm for Patients with Long Chain FAO or Carnitine Disorders

Immediate Evaluation

Features of metabolic decompensation and,or acute intercurrent illness such as nausea/vomiting,
decreased oral intake, diarrhea, seizure, fever, lethargy, heart failure or cardiac arrhythmia

'

- Send the following tests:

2- plasma CK and LFTs

1- Plasma electrolytes, lactate, blood gas and blood glucose

3- Ammonia if decreased level of consciousness (LOC)

4- Consider CXR, ECG or ECHO if signs of heart failure (especially in VLCAD)

- Start IV fluids D10 1/2NS at 1.5X maintenance rate

- Immediate Metabolism/Biochemical Genetics consultation

- Evaluate and treat the underlying etiology for decompensation

- Continue management as inpatient (assess for admission to a high acuity care unit)

I

Features of:

- Hypoglycemia

- Rhabdomyolysis

~ Encephalopathy (decreased LOC, seizure, neurological deficits)

- Cardiomyopathy (heart failure, pulmonary edema, etc.)

T

- Immediate consultations for ICU and Cardiology

- Admission to a highly monitored setting (e.g. ICU)

- Consider brain imaging to evaluate for brain edema

- Standard ICU management for acute complications such as brain edema

v

heart failure.

- Send the following tests:

1- Plasma acylcarnitines profile

2= Free and total carnitine levels

- If oral/enteral intake is tolerated:

- Repeat lab tests as indicated
— Continue to treat the underlying illness

— Continue IV fluids D10 1/2NS at 1.5X maintenance rate
- A lower infusion rate of more concentrated dextrose solutions may be needed in the case of acute

1- Continue home feeding regimen (encourage extra caloric intake)

=12~ Start MCT oll enterally at 2-3 g/kg/d (if not already on a high MCT-containing medical formula)
- Monitor blood glucose very closely (g2-4 h initially).

- Consider the regular use of antiemitics if indicated

- Management of heart failure as per Cardiology

- Management of rhabdomyelysis/AKI as per ICU/Nephrology protocols

- If acidotic, consider sodium bicarbonate 1 mEq/kg IV bolus and repeat as indicated

- Check blood gluose, CK, LFT and other lab tests as indicated

= Wean off IV fluids

When improving clinically and biochemically (usually within 24-48 hrs.):
- Increase enteral feeds as tolerated

- Ensure adequate enteral/parenteral caloric support to prevent catabolism
- Continue regular antiemitics as indicated

- Mormal oral intake
- Normal volume status,
- Normal BS, CK and LFTs

Consider discharging the patient if he/she is clinically well with:|

FIGURE 2. Long-chain FAODs and carnitine disorder treatment algorithm.

decompensation, then starting an insulin infusion should be con-
sidered in lieu of decreasing the glucose infusion rate to promote
an anabolic state. The typical starting dose for insulin infusion is
0.01 IU/kg per minute. Insulin levels should be titrated to maintain
blood glucose levels between 100 and 150 mg/dL.

Of note, the infusion of more concentrated dextrose solution
(15%—-25% dextrose) at a lower infusion rate using a central line
may be required if there is poor cardiac function and/or in severe
refractory decompensation. In addition, care should be taken
when weaning IV fluids to decrease the rate slowly to avoid
reactive hypoglycemia.

3. Diet

In addition to IV dextrose, the patient's oral/G-tube feeding
may be continued as tolerated to provide additional calories.
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Antiemetics may be used to decrease emesis. If the patient is
symptomatic, total daily calories (IV and enteral) should be
100% to 150% of maintenance calories.

Patients with MCAD deficiency generally follow a standard
diet. Patients with VLCADD, LCHADD, and MTP deficiency
generally follow a special diet that is high in MCTs and low in
long-chain triglycerides. Infants and young children will be re-
ceiving a special metabolic infant formula as part of their diet
(eg, Enfaport, Pregestimil, Lipistart). Older children and adults
may be receiving an MCT supplement administered in multiple
doses throughout the day. If the patient with confirmed VLCADD,
LCHADD, or MTP deficiency is not normally receiving any MCT
supplementation, he/she may be started on 2 to 3 g/kg per day of
an MCT supplement divided every 6 to 8 hours.'? This should be
performed in consultation with a physician and a nutritionist with
expertise in the management of patients with inborn errors of
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1 = carnitine transporter

2= carnitine palmitoyl transferase 1 (CPT1)

3= carnitine-acylcarnitine translocase (CACT)

4= carnitine palmitoyl transferase 2 (CPT2)

5= acyl CoA dehydrogenase (short, medium, long chain)

6= 2-enoyl-CoA hydratase (short, medium, long chain)

7= 3-hydroxyacyl CoA dehydrogenase (short, medium, long chain)
8= 2-ketoacyl CoA thiclase (short, medium, long chain)

9 = mitochondrial trifunctional protein

FIGURE 3. Fatty acid oxidation and carnitine cycles.

metabolism. Medium-chain triglyceride supplementation can pro-
duce diarrhea and gastrointestinal (GI) upset.

Medium-chain triglyceride supplementation is contraindi-
cated in MCAD deficiency.

4. Medications to Avoid

Certain medications should be used with caution in those pa-
tients. For example, IV epinephrine will stimulate lipolysis and
can exacerbate an FAOD. Valproic acid inhibits FAO and is
relatively contraindicated.
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5. Management of Complications

(i) Decreased level of consciousness

* Blood glucose should be remeasured to evaluate for
symptomatic hypoglycemia.

* Ammonia should be measured to evaluate for Reye-
like syndrome.

» Neuroimaging should be considered to evaluate for cere-
bral edema. If there is cerebral edema, standard neurocritical
care principles should be followed (eg, hypertonic
fluids, etc).

* Hemodialysis can be considered in consultation with the
nephrology service if there is concern for a Reye-like

TABLE 1. FAO and Carnitine Disorders and the Acylcarnitine Abnormalities Seen in Them

Acronyms Full Name Acylcarnitine Profile

SCADD Short-chain acyl-CoA dehydrogenase deficiency Elevated C4

SCHADD Short-chain hydroxyl-acyl CoA dehydrogenase deficiency Elevated C4OH

MCADD Medium-chain acyl-CoA dehydrogenase deficiency Elevated C8 > C6 > C10

VLCADD Very long chain acyl-CoA dehydrogenase deficiency Elevated C14:1, C14

LCHADD Long-chain hydroxyacyl-CoA dehydrogenase deficiency Elevated C160H, C18:10H

MTP Mitochondrial trifunctional protein Elevated C160H, C18:10H

CPT1 Carnitine palmitoyltransferase 1 deficiency Decreased C16, C18, C18:1, and elevated free carnitine (CO)
CAT Carnitine-acylcarnitine transferase deficiency Elevated C16, C18

CPT2 Carnitine palmitoyltransferase 2 deficiency Elevated C16, C18
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TABLE 2. Symptoms and Signs of Patients With FAODs or Carnitine Disorders During Acute Decompensation

Body System/Process Symptoms and/or Signs*

Metabolic Hypoketotic hypoglycemia (ie, hypoglycemia with insufficient increase in

-hydroxybutyrate or acetoacetate as measured in blood or urine),

acidosis and hyperammonemia with Reye-like syndrome
Neurological Encephalopathy, seizures, may have cerebral edema with Reye-like syndrome,

myopathic symptoms (myalgia, thabdomyolysis, and weakness). Note: patients

with LCHADD and MTP deficiency may have baseline peripheral neuropathy and retinopathy.
GI Nausea, vomiting, enlarged liver, elevated transaminases, very rare liver dysfunction/failure
Cardiovascular Cardiomyopathy, arrhythmia

*Close relatives of affected individuals know the signs of decompensation in their relatives, and it is important to listen to their insight.

syndrome associated with severe electrolyte derangement, causes for metabolic decompensations. These conditions should
metabolic acidosis, and hyperammonemia. be managed according to standard recommendations. Commonly
used antibiotics and antiemetics can be used safely in patients with
(ii) Rhabdomyolysis (in long-chain FAO and carnitine disorders) FAO and carnitine disorders.
* Management is according to standard treatment.

(iii) Cardiomyopathy (in long-chain FAO and carnitine disorders) MONITORING
« Patients should be monitored for arrhythmia and signs
of cardiomyopathy. 1. Strong consideration should be given to monitoring in an inten-

» Consider early cardiology consultation for echocar-
diogram (ECHO) (cardiomyopathy in FAODs is dy- )
namic, and a normal recent ECHO does not rule
out cardiomyopathy). 3
If cardiac function is severely impaired, the patient may
require placement of a central line for infusion of a
lower-volume, higher-concentration dextrose infusion. 4

sive care unit setting.

. Neurological status should be monitored, with frequency indi-
cated by clinical status.

. Blood glucose should be repeated at least every 4 hours (more
frequent if clinically indicated) and can be decreased in fre-
quency if stable.

. Creatinine kinase, liver enzymes/liver function, and chemistry
panel should be evaluated on presentation and can be repeated
as clinically necessary.

5. If the patient is encephalopathic, then plasma ammonia level

should be measured.

6. Treatment of Underlying Etiology 6. In a patient with a long-chain FAO or carnitine disorder, consid-
Every effort should be made to identify and treat the underly- eration should be given to telemetry.

ing illness or metabolic stressor that triggered the decompensa- 7. Patients with FAO and carnitine disorders usually need ex-

tion. Infections such as gastritis/gastroenteritis, upper respiratory tended monitoring to ensure adequate oral/enteral intake before

tract infection/bronchitis, and urinary tract infection are common discharge. Early discharge after a successful trial of oral/enteral

TABLE 3. Laboratory Tests and Investigations That can Guide Clinical Care During Acute Metabolic Decompensations*

Laboratory Tests Comments
Chemistry panel for bicarbonate level, To evaluate the degree of acidosis and hypoglycemia if present
anion gap, and blood glucose
CPK To assess for rhabdomyolysis
Liver enzymes and function tests Liver disease can be seen in patients with severe metabolic decompensation.
(albumin, bilirubin, and INR)
Serum lactate Can be elevated in hypovolemia
Plasma acylcarnitine analysis Can be used to assess the severity of the disease
Plasma-free and total carnitine levels To guide the dosing of carnitine supplementation
CK-MB and BNP In long-chain FAO and carnitine disorders if CK elevated or signs of cardiomyopathy
CXR, ECG, and/or ECHO In long-chain FAO and carnitine disorders if CK is significantly
elevated or if there are signs of cardiomyopathy
Infectious work-up (CBC, cultures, To assess for the underlying etiology

CXR, urinalysis, etc)

*Sending laboratory tests should be guided by the clinical presentation of the patient. This is not an exhaustive list, and some of the tests listed here may
not be indicated.

BNP indicates B-type natriuretic peptide; CBC, complete blood cell count; CK-MB, creatine kinase-MB; CPK, creatine phosphokinase; ECG, electro-
cardiogram; ECHO, echocardiogram.
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feeding that is usually practiced for patients with GI diseases
should be avoided in metabolic patients.

CONCLUSIONS

FAO and carnitine disorders are a heterogeneous group of
metabolic disorders with a number of potential life-threatening
acute complications. Early recognition of the risk factors for acute
decompensation (eg, poor oral intake, emesis) is critical to prevent
sudden death and ensure good outcome. The acute care physician
is usually the first provider to evaluate the patient with FAODs and
carnitine disorders and is in the unique position to improve patient
outcome by instituting the appropriate early management while
expert opinion from a biochemist geneticist is sought.
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