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Glycogen storage disease type IV (GSD IV) is an ultra-rare autosomal recessive disorder caused by pathogenic variants
inGBE1which results in reduced or deficient glycogen branching enzyme activity. Consequently, glycogen synthesis is
impaired and leads to accumulation of poorly branched glycogen known as polyglucosan. GSD IV is characterized by a
remarkable degree of phenotypic heterogeneity with presentations in utero, during infancy, early childhood, adoles-
cence, or middle to late adulthood. The clinical continuum encompasses hepatic, cardiac, muscular, and neurologic
manifestations that range in severity. The adult-onset form of GSD IV, referred to as adult polyglucosan body disease
(APBD), is a neurodegenerative disease characterized by neurogenic bladder, spastic paraparesis, and peripheral neu-
ropathy. There are currently no consensus guidelines for the diagnosis andmanagement of these patients, resulting in
high rates ofmisdiagnosis, delayed diagnosis, and lack of standardized clinical care. To address this, a group of experts
from the United States developed a set of recommendations for the diagnosis and management of all clinical pheno-
types of GSD IV, including APBD, to support clinicians and caregivers who provide long-term care for individuals
with GSD IV. The educational resource includes practical steps to confirm a GSD IV diagnosis and best practices for
medical management, including (a) imaging of the liver, heart, skeletal muscle, brain, and spine, (b) functional and
neuromusculoskeletal assessments, (c) laboratory investigations, (d) liver and heart transplantation, and (e) long-
term follow-up care. Remaining knowledgegaps aredetailed to emphasize areas for improvement and future research.
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1. Purpose

By the initiative of the Association for Glycogen Storage Disease
(AGSD) in the United States, a national panel was organized to provide
an educational resource that highlights current practices and ap-
proaches to the diagnosis and management of all clinical phenotypes
of glycogen storage disease type IV (GSD IV), including the adult-onset
form adult polyglucosan body disease (APBD). This guideline is not
intended for the diagnosis or management of other disorders with
polyglucosan accumulation.

2. General background

2.1. Overview

Glycogen serves as a storage form of glucose in humans and glyco-
gen synthesis takes places in all tissues throughout the body, predomi-
nantly in the liver and skeletal muscle. It is stored as large, branched
2

polymers of glucose residues bound throughα-1,4 andα-1,6 glycosidic
bonds (Fig. 1) [1,2]. The first enzyme that initiates glycogen synthesis is
the homodimer glycogenin which auto-glycosylates and initiates the
primer glucan chain, throughwhich thenext enzymeglycogen synthase
(GYS) begins synthesizing glycogen. GYS elongates the chain by adding
glucose molecules through α-1,4 linkages. From there, glycogen
branching enzyme (GBE) catalyzes the last step in glycogen biosynthe-
sis by transferring α-1,4-linked glycosyl units into an α-1,6 position,
thus creating branched chains of the glycogen. In all tissues, GYS and
GBE work in concert to synthesize the spherical, branched glycogen
structure with short peripheral chains, conferring the stability and solu-
bility of glycogen [3]. In the setting of reduced GBE activity, glycogen
synthesis is impaired; the continued action of GYS elongates the linear
α-1,4 glycosidic chains but without the normal pattern of α-1,6 branch
points, the linear chains tangle and form double-helices, resulting in the
formation of abnormally structured glycogen called “polyglucosan”
which resembles plant amylopectin. Tight packing of the double-
helices induces crystallization and renders the polyglucosan



Fig. 1.Normal glycogen synthesis results in a spherical, highly branched polysaccharide compared to accumulation of polyglucosan in the setting of glycogen storage disease type IV (GSD
IV). Polyglucosan accumulation occurs in all phenotypes of GSD IV, including the adult-onset form adult polyglucosan body disease (APBD). Enzymes involved in glycogen synthesis
(glycogenin [GYG], glycogen synthase [GYS], and glycogen branching enzyme [GBE]) are indicated by shaded boxes. In normal glycogen synthesis (solid arrows), the homodimer
glycogenin autoglycosylates and polymerizes the initial glucose residues, priming glycogen synthesis. GYS then acts as a glucosyltransferase and adds up to 10 glucose molecules to the
glycogenin core via α-1,4 linkages, elongating the linear chain, and GBE transfers α-1,4-linked glycosyl units into an α-1,6 position, forming branches. GYS and GBE continue to work
in balance to synthesize the spherical, branched glycogen structure (“Glycogen”). GSD IV is the result of deficiency of GBE activity, indicated by a red bar. In the setting of GSD IV, an al-
ternative glycogen synthesis pathway occurs (dashedarrow) andGYS continues to elongate the glucosyl chain despite the lack of functional GBE, resulting in the formation of polyglucosan
with long, linear outer chains. Limited branch points may be formed depending on residual levels of functional GBE. In this simplified visual, an example of polyglucosanwith two branch
points is shown.
* GYG and GYS each have two isoforms. GYG1 is abundantly expressed in the heart and skeletal muscle, and GYG2 is largely expressed in the liver. GYS1 is abundantly expressed in the
skeletal muscle and brain whereas GYS2 is expressed in the liver.
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water-insoluble [4,5]. Polyglucosan accumulates and aggregates in de-
posits referred to as “polyglucosan bodies”which disrupt cellular func-
tion. In the case of neurons, polyglucosan bodies disturb retrograde and
anterograde axonal transport [6,7].

GSD IV is an ultra-rare autosomal recessive disease caused by
biallelic pathogenic variants in the glycogen branching enzyme 1
(GBE1) gene which results in reduced or deficient GBE activity. GSD IV
has been reported in many different ethnic groups and is estimated to
occur in 1 in 600,000 to 800,000 individuals worldwide (∼3% of all
GSD cases) [8]. The National Library of Medicine has recorded approxi-
mately 200 cases of the adult-onset form APBD worldwide [9]. APBD is
of a particularly high frequency in the Ashkenazi Jewish population
(carrier rate 1 in 48), and based on this carrier frequency, the APBD Re-
search Foundation estimates the prevalence of APBD at the gene level
(that is, whether the disease is clinically diagnosed or not) is 3,400 for
those of Ashkenazi Jewish background over age 50 years in the United
States [10].
2.2. History

In the 1950s, Dorothy Hansine Andersen, a pediatrician and pathol-
ogist at Columbia University, first described a disease with familial cir-
rhosis and abnormal storage of glycogen in the liver [11,12], initially
referred to as Andersen disease and later classified as GSD IV. Two addi-
tional caseswere described in 1962 [13] and 1966 [14]which further re-
vealed the presence of polysaccharide accumulation in tissues at
autopsy. It was then confirmed by Brown and Brown that GSD IV is a re-
sult of GBE deficiency [15]. Over the following decades, the publication
3

of additional cases broadened the known range of clinical presentations
associated with GBE deficiency to include patients with skeletal myop-
athy and/or cardiomyopathy during childhood [16–18] and adulthood
[19], fatal neuromuscular weakness with congenital onset [20,21], and
apparently “non-progressive” hepatic disease [22,23].

It was initially unclear whether APBD was an adult-onset form of
GSD IV or a separate disease with different genetic cause. In 1980, sev-
eral cases of “adult polyglucosan body disease”were formally described
[7]. Shortly thereafter in 1981, Pellissier and colleagues described a
“polysaccharide (amylopectin-like) storage myopathy” with impaired
mobility and gait along with reduced leukocyte GBE activity [24]. In
1991, Lossos and colleagues documented that patients with APBD ex-
hibit reduced GBE activity [25]. The term APBD was ultimately used to
describe patients with reduced or deficient GBE activity and is now con-
sidered to be the adult-onset form of GSD IV.
2.3. Clinical variability

Clinically, GSD IV is characterized by a remarkable degree of pheno-
typic heterogeneity. Historically, a subtype system has been used to
classify patients along the GSD IV spectrum based on their symptoms
and presentations. This traditional subtype classification system in-
cludes: (1) fatal perinatal neuromuscular subtype, presenting in utero
with fetal akinesia deformation sequence, decreased fetal movements,
polyhydramnios, and fetal hydrops, with death typically in the neonatal
period; (2) congenital/neonatal neuromuscular subtype, presenting in
the neonatal period with profound hypotonia, respiratory distress, and
dilated cardiomyopathy,with death typically in early infancy; (3) classic

Image of Fig. 1
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(progressive) hepatic subtype, with rapid development of failure to
thrive, hepatomegaly, splenomegaly, liver dysfunction, hypotonia, car-
diomyopathy, and progressive liver cirrhosis, resulting in death from
liver failure by age 3 to 5 years (without liver transplantation);
(4) non-progressive hepatic subtype, presenting with hepatomegaly,
liver dysfunction, myopathy, and hypotonia in early childhood, with
variable cardiac, skeletal muscle, and neurologic involvement and sur-
vival without overt progression of liver disease as noted in the classic
(progressive) hepatic subtype; (5) childhood/juvenile neuromuscular
subtype, presenting with variable course ranging from onset in the sec-
ond decade with a mild disease course to a more severe, progressive
course resulting in death in the third decade; and (6) the adult-onset
form, APBD [8,26]. APBD is considered a neurodegenerative disorder
and most individuals present with progressive neurogenic bladder,
gait difficulties (i.e., spasticity and weakness), sensory loss, autonomic
dysfunction, and cognitive difficulties of varying severity; some affected
individuals with APBD have less common phenotypes, including
Alzheimer's disease-like dementia and axonal neuropathy, stroke-like
episodes, and diaphragmatic failure [26]. APBD is also described to
have a relatively predictable progression and natural history [27]; typi-
cally, the earliest manifestations are bladder dysfunction followed by
gait disturbance that is a combination of spasticitywith someperipheral
nervous system (PNS) involvement, which leads to inability to walk.
Survival is reduced with median survival in themid-70s [27]; however,
rate of disease progression can vary [28].

The use of this subtype system has been under scrutiny as many pa-
tients have clinical presentations that overlap across different subtypes
categories [29], and the progression of GSD IV in childhood through
adulthood remains unclear and underreported in the literature. A recent
review of the literature highlighted the challenges and limitations of this
subtype system [29]. Although some patients may present with pheno-
types that are consistent with one of the aforementioned GSD IV sub-
types, including APBD, others are challenging to account for under the
established classification system. Notably, there are reports of several pa-
tients with GSD IV who presented with significant degrees of both he-
patic and neurologic involvement, and others have been reported to
exhibit phenotypes that are intermediate in severity between the estab-
lished subtypes [29]. Altogether, this suggests that GSD IV is better con-
ceptualized as a multidimensional clinical continuum, whereby hepatic,
neurologic, and cardiac involvement occur to varying degrees.

Moreover, the spectrumof phenotypic variation associatedwithGBE
deficiency has historically been divided into discrete clinical categories,
whereby APBD has been recognized as a separate disorder rather than a
part of the GSD IV clinical continuum, resulting in confusion among pa-
tients and clinicians. Despite all GSD IV phenotypes, including APBD,
being caused by biallelic pathogenic variants inGBE1, there are two sep-
arate Online Mendelian Inheritance in Man (OMIM) entries: #232500
for GSD IV and#263570 for APBD, the latter referred to as “polyglucosan
body neuropathy”. The distinction between GSD IV and APBD has been
further challenged by reports of patientswho presentedwith features of
GSD IV during childhood and later developed APBD during adulthood
[30]. Collectively, these findings highlight that the distinctions among
the GSD IV subtypes and APBD should be regarded with caution as all
phenotypes of GSD IV, including APBD, are caused by GBE deficiency.

3. Methods and process

3.1. Nomenclature GSD IV is also referred to as Andersen disease or
Andersen glycogenosis. APBD is also referred to as adult-onset
GSD IV, adult GSD 4, GBE1-APBD, or polyglucosan body neuropathy.
GSD IV, including APBD, is also referred to as glycogenosis, brancher
deficiency, brancher enzyme deficiency, branching enzyme deficiency,
polyglucosan storage myopathy, polyglucosan body disease,
amylopectinosis, GSD type 4, or GSD 4.

Herein, we have considered GSD IV to be a continuum of disease
spectrum varying by age of onset, organ involvement, and severity.
4

Historically, APBDhas been recognized as separate from theGSD IV clin-
ical continuum. Yet, all phenotypes of GSD IV, including APBD, are
caused by reduced/deficient GBE activity and therefore, unless other-
wise stated, recommendations are applicable to all individuals affected
by GSD IV, including APBD.

3.2. Consensus development panel

In collaboration with the AGSD in the United States, the APBD
Research Foundation, affectedpatients, andpatient advocates, a list of dis-
ciplines involved in the management of GSD IV was created. A national
group of experts was then assembled to form the “Consensus
Development Panel”which included 19 specialistswith expertise inmed-
ical genetics, diagnostics, hepatology, neurology, physical rehabilitation,
cardiology, urology, genetic counseling, psychology, and dietetics. Based
on expertise and clinical experience, each panelist was assigned a disci-
pline section for consensus development. Panelists independently re-
viewed the current evidence base of GSD IV, including APBD, for
(a) clinical and laboratory diagnosis, (b) treatment and management of
hepatic, neurologic, muscular, and cardiac manifestations, (c) supportive
and rehabilitative care, (d) general medical care, and (e) genetic aspects.
A series of virtual meetings occurred between January to November 2022
in which panelists presented their recommended care standards, high-
lighted existing knowledge gaps, and facilitated discussions related to
care practices for GSD IV that are inconsistent or not addressed in the lit-
erature. Each panelist drafted their recommended care guidelines and
best practices for management of patients with GSD IV, including APBD.
Consensus was defined as agreement among all panelists and was ob-
tained for all sections. All panelists reviewed and approved the final
guidelines. Recommendations are considered expert opinion.

3.3. Target audience

This guideline is directed at awide range of care providers as GSD IV,
including APBD, is nuanced, with variability in affected tissue systems
including hepatic, cardiac, muscular, central nervous system (CNS),
and PNS involvement. Although care is commonly provided by special-
ists in medical genetics, hepatology, neurology, physical medicine and
rehabilitation, urology, and cardiology, it is important that primary
care providers and other specialists involved in the care of individuals
with GSD IV also be able to recognize the early symptoms, facilitate
the diagnosis, and provide appropriate care. Therefore, these guidelines
were developed to support clinicians and care providers across the con-
tinuum of care and patient lifespans.

4. Diagnosis

Diagnostic workup will vary depending on the individual patient's
phenotype and may include routine clinical laboratory investigations,
imaging, electrophysiological tests, and functional assessments
(Fig. 2). The confirmatory diagnosis of GSD IV relies onmolecular testing
of GBE1 to document biallelic pathogenic variants. Biochemical analysis
proving GBE enzyme reduction or deficiency and histopathology of
affected tissue(s) is supportive of a GSD IV diagnosis.

4.1. Differential diagnosis

Given the heterogeneous presentation of GSD IV, the differential di-
agnosis will vary based on the patient's age (pediatric versus adult) and
predominant disease manifestations (hepatic, neurologic, muscular,
and/or cardiac) (Table 1).

In general, GSD IV should be suspected in patients who have severe
hepatomegaly with or without prominent splenomegaly in the first few
months of life. The differential diagnosis for GSD IVwith predominantly
hepatic involvement includes conditions that are associated with pro-
gressive liver dysfunction and hepatomegaly in infancy or early



Fig. 2.A decision path to diagnose glycogen storage disease type IV (GSD IV), including adult polyglucosan body disease (APBD). The typical path to diagnosis is indicatedwith dark shaded
boxes and arrows. Additional paths to diagnosis are indicatedwith light shaded boxes and arrows. The signs and symptoms of GSD IV, including APBD, are features that often overlapwith
other disorders which can result in delays in diagnosis and/or misdiagnosis, and therefore it is critical to follow the decision path to confirm a GSD IV diagnosis. The differential diagnosis
will vary based on the patient's age and predominant disease manifestations (hepatic, neurologic, muscular, and/or cardiac). Clinical evaluation will be dependent on age of onset and
suspected tissue system involvement.
* The list of genes included on gene panels are company-specific. Prior to selecting a gene panel, the ordering provider should ensure that glycogen branching enzyme 1 (GBE1) is included
on the panel.
Abbreviations: Alanine aminotransferase (ALT), aspartate aminotransferase (AST), B-type natriuretic peptide (BNP), computed tomography (CT), creatine kinase (CK), electrocardiogram
(ECG), electromyography (EMG), gamma-glutamyl transferase (GGT), glycogen branching enzyme (GBE), international normalized ratio (INR),magnetic resonance imaging (MRI), N-ter-
minal-pro hormone BNP (NT-proBNP), nerve conduction study (NCS), nerve conduction velocity (NCV), platelet (PLT), prothrombin time (PT), ultrasound (US), whole exome sequencing
(WES), whole genome sequencing (WGS), 25-hydroxy vitamin D (25(OH)D)
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Table 1
Principal genetic disorders to differentiate from glycogen storage disease type IV (GSD IV), including the adult-onset form adult polyglucosan body disease (APBD).

Disorder Gene Overlapping features Distinguishing features⁎

A. Symptom onset in infancy or childhood with primarily hepatic involvement
GSD I (von Gierke disease)
Inheritance: AR

G6PC, SLC37A4 Hepatomegaly, elevated ALT and AST early in
disease course that usually improves with
metabolic control

Nephromegaly, hypoglycemia, hyperlipidemia, lactic acidosis,
hyperuricemia, large and numerous lipid vacuoles in
hepatocytes

GSD III (Cori or Forbes
disease)

Inheritance: AR

AGL Hepatomegaly, elevated ALT and AST,
myopathy variable and progressive liver
fibrosis

Hypoglycemia, hyperlipidemia, elevated CK, PAS-positive
inclusions present in hepatocytes are sensitive to diastase

GSD VI (Hers disease)
Inheritance: AR

PYGL Hepatomegaly, elevated ALT and AST, variable
and progressive liver fibrosis

Ketotic hypoglycemia, hyperlipidemia, PAS-positive inclusions
present in hepatocytes are sensitive to diastase

GSD IX
Inheritance: AR, XL

PHKA2 (type α2)
PHKB (type β)
PHKG2 (type γ2)

Hepatomegaly, elevated ALT and AST, ±
myopathy (type β only), variable and
progressive liver fibrosis

Ketotic hypoglycemia, hyperlipidemia, PAS-positive inclusions
present in hepatocytes are sensitive to diastase

Mitochondrial hepatopathies
Inheritance: AR, AD, MT

SCO1, BCS1L, POLG, DGUOK,
MPV17, and more

Hepatomegaly, elevated ALT and AST, ±
hypotonia

Hyperammonemia, hypoglycemia, lactic acidosis, cholestasis,
steatosis

Congenital disorders of
glycosylation

Inheritance: AR, XL

MPI, TMEM199, CCDC115,
ATP6AP1, and more

Hepatomegaly, elevated ALT and AST,
hypotonia

Microcephaly, seizures, stroke-like episodes, altered TfIEF
pattern

Hereditary fructose
intolerance

Inheritance: AR

ALDOB Hepatomegaly, elevated ALT and AST Triggered by acute ingestion of fructose, oral aversion for
fructose-containing food, ± hypoglycemia

Fructose 1,6-biphosphatase
deficiency

Inheritance: AR

FBP1 Hepatomegaly, hypotonia Ketotic hypoglycemia, lactic acidosis

Alpha-1 antitrypsin
deficiency

Inheritance: ACD

SERPINA1 Elevated ALT and AST, ± hepatomegaly, ±
cirrhosis, PAS-positive diastase-resistant
inclusions present in hepatocytes

Neonatal cholestasis, low serum alpha-1 antitrypsin level,
necrotizing panniculitis, ± chronic obstructive lung disease

Transaldolase deficiency
Inheritance: AR

TALDO1 Hepatomegaly, elevated ALT and AST Neonatal cholestasis, intrauterine growth restriction,
dysmorphic facial features, loose and wrinkly skin, renal
dysfunction

Acid sphingomyelinase
deficiency (Niemann-Pick
disease types A and B)

Inheritance: AR

SMPD1 Hepatomegaly, elevated ALT and AST Deterioration of pulmonary function, diminished DLCO on PFT,
atherogenic lipid profile, large and vacuolated foam cells on
bone marrow biopsy, accumulation of lyso-sphingomyelin

Niemann-Pick disease type C
Inheritance: AR

NPC1, NPC2 Hepatosplenomegaly, elevated ALT and AST,
hypotonia

Developmental delay, cognitive impairment, hearing loss, ±
infiltration of lungs with foam cells

Gaucher disease
Inheritance: AR

GBA Hepatosplenomegaly, thrombocytopenia Bone manifestations including lytic lesions and osteonecrosis,
increased lyso-Gb1 and chitotriosidase levels, progressive
myoclonic epilepsy and other neurological findings
(neuronopathic forms only)

Zellweger spectrum disorder
Inheritance: AR

>10 genes Hepatomegaly, elevated ALT and AST, ±
cholestasis

Hearing loss, vision impairment, rhizomelic chondrodysplasia
punctata

B. Symptom onset in infancy or childhood with primarily neurologic, muscular, AND/OR cardiac involvement
Spinal muscular atrophy
Inheritance: AR

SMN1 Congenital hypotonia, pulmonary compromise,
fetal hypokinesia

Fasciculations, scoliosis, recurrent lower respiratory tract
infections

GSD II (Pompe disease)
Inheritance: AR

GAA Cardiomyopathy, generalized hypotonia,
respiratory distress

Marked cardiomegaly on chest X-ray, characteristic ECG
findings including shortened PR interval, an increased QTc, and
large LV voltages

GSD XV (polyglucosan body
myopathy type 2)

Inheritance: AR

GYG1 Cardiomyopathy, proximal muscle weakness,
polyglucosan bodies present in skeletal muscle
and/or cardiac tissue

(No principle differentiating feature)

Polyglucosan body
myopathy 1

Inheritance: AR

RBCK1 Cardiomyopathy, proximal muscle weakness,
polyglucosan bodies present in skeletal muscle
and cardiac tissue

(No principle differentiating feature)

PRKAG2 syndrome
Inheritance: AD

PRKAG2 Myopathy, cardiomyopathy, polyglucosan
bodies present in cardiac tissue

Characteristic ECG findings including ventricular pre-excitation
with short PR interval and delta waves

Danon disease
Inheritance: XL

LAMP2 Myopathy, cardiomyopathy, polyglucosan
bodies present in CNS, cardiac, and skeletal
muscle tissue

Intellectual disability, lysosomal glycogen accumulation on
histology

Congenital disorders of
glycosylation

Inheritance: AR, XL

PMM2, ALG6, DOLK, and more Hypotonia, cardiomyopathy Seizures, eye disease, stroke-like episodes, altered TfIEF pattern

Mitochondrial
encephalomyopathies

Inheritance: AR, XL, MT

TAZ, NDUFS4, SDHA, BCS1L,
SURF1, ATPAF2, DLD, PDHA1,
mtDNA, and more

Muscle weakness or exercise intolerance,
cardiomyopathy

Dementia, stroke-like episodes, seizures, lactic acidosis,
characteristic findings on MRI

C. Symptom onset in middle to late adulthood with primarily neurologic involvement
Adrenomyeloneuropathy
Inheritance: XL

ABCD1 Cognitive and/or vision impairment, leg
weakness/spasticity, sphincter disturbances,
sexual dysfunction (males)

Elevated very long-chain fatty acids

Adult-onset Alexander
disease

Inheritance: AD

GFAP Spastic gait, bladder incontinence, atrophy of
cervical spinal cord on MRI

Characteristic Rosenthal fibers on histology

Hereditary spastic paraplegia
Inheritance: AR, AD, XL, MT

>30 genes Leg weakness/spasticity, sensory
polyneuropathy

(No principle differentiating feature, dependent on type of
hereditary spastic paraplegia)
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For each disorder, the causative gene, inheritance pattern, overlapping features, and distinguishing features unique to that disorder are indicated. Conditions are separated by symptom
onset and tissue involvement. This table was adapted from GeneReviews® [8,26].
Abbreviations: Alanine aminotransferase (ALT), aspartate aminotransferase (AST), autosomal dominant (AD), autosomal codominant (ACD), autosomal recessive (AR), carbohydrate
(CHO), creatine kinase (CK), central nervous system (CNS), diffusing capacity of the lungs for carbonmonoxide (DLCO), electrocardiogram (ECG), glycogen storage disease (GSD), left ven-
tricular (LV), glucosylsphingosine (lyso-Gb1), magnetic resonance imaging (MRI), maternally-transmitted mitochondrial DNA (MT), mitochondrial DNA (mtDNA), periodic acid-Schiff
(PAS), pulmonary function test (PFT), QT dispersion (QTd), transferrin isoelectric focusing (TfIEF), X-linked (XL).
⁎ Hypoglycemia with or without elevated ketones is not considered a typical feature of GSD IV, but has been observed in patients with GSD IV. Therefore, it should not be used as the

principle differential diagnostic criteria.
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childhood. Liver disease related to infectious etiologies, infiltrating dis-
ease (lymphoma, leukemia, histiocytosis), neoplasms (hepatoblastoma,
vascular tumors), cystic fibrosis, progressive familial intrahepatic chole-
stasis, congenital hepatic fibrosis (cystic liver diseases), Mauriac syn-
drome in type 1 diabetes mellitus, ingestion of toxic substances or
medical overdoses, and auto-immune diseases or viral hepatitis should
be considered, as well as conditions that can cause acute liver failure in-
cluding, but not limited to, tyrosinemia, galactosemia, citrin deficiency,
viral hepatitis, urea cycle defects, hemophagocytic lymphohistiocytosis,
and bile acid synthesis defect (5β-reductase deficiency). GSD IV is not
associatedwith severe hypoglycemia, steatosis, lactic acidosis, or hyper-
uricemia which are common in other GSD types and inborn errors of
metabolism. Key diagnoses to consider include GSD types I (von Gierke
disease), III (Cori or Forbes disease), VI (Hers disease), and IX, mito-
chondrial hepatopathies, congenital disorders of glycosylation involving
liver disease, hereditary fructose intolerance, fructose 1,6-
biphosphatase deficiency, alpha-1 antitrypsin deficiency, transaldolase
deficiency, acid sphingomyelinase deficiency (Niemann-Pick disease
types A and B), Niemann-Pick disease type C, Gaucher disease, and
Zellweger spectrum disorder (Table 1A).

GSD IV should be suspected in any infant, child, or adolescent who
presents with progressive generalized hypotonia, proximal and/or distal
weakness, contractures/arthrogryposis, or unexplained cardiomyopathy.
Principal differential genetic diagnoseswill include spinalmuscular atro-
phy, GSD II (Pompe disease), congenital disorders of glycosylation with
myopathy and/or neurological disease, and mitochondrial myopathies
(Table 1B). Additional differential diagnoses that can be ruled out with
genetic testing include congenital and limb-girdle muscular dystrophies.
It is also critical to differentiate GSD IV from conditions that are associ-
ated with polyglucosan inclusions in nervous, skeletal muscle, and/or
cardiac tissue: GSD types VII (Tarui disease) and XV (polyglucosan
body myopathy type 2), RBCK1 deficiency (polyglucosan body myopa-
thy 1), PRKAG2 syndrome, Danon disease, and Lafora disease. Lastly, ce-
rebral palsy is amultifactorial condition that is associatedwith spasticity,
ataxia, hypotonia, and gross motor delay in childhood or adolescence.

APBD should be suspected in any adult patient who presents with
neurogenic bladder and spastic paraparesis, with or without peripheral
neuropathy. Conditions related to acquired nutritional deficiencies, hy-
drocephalus, infectious etiologies, infiltrating disease (neurosarcoidosis,
multiple sclerosis [MS]), paraneoplastic disorders, and ingestion of toxic
substances or medical overdoses should be considered [31]. A lumbar
puncture can be performed to rule out inflammatory causes. In men
with early urinary symptoms, benign prostatic hyperplasia should be
ruled out. For individuals who present with symptoms consistent with
APBD, neuroimaging (i.e., magnetic resonance imaging, MRI) is indi-
cated to detect a selective pattern of CNS atrophy and any white matter
changes. In individuals with APBD, MRI may show increased T2*-
weighted signal in the periventricular white matter, medulla, and
pons, and in virtually all cases, medullary and cervical spinal cord
atrophy [27,32]. Although white matter lesions on MRI along with sen-
sory disturbance and lower limb spasticity are typical for MS, white
matter lesions in APBD typically do not enhance with gadolinium [33].
Normal pressure hydrocephalus (NPH) syndrome has a clinical triad
encompassing gait disturbance, urinary incontinence, and cognitive
dysfunction [34], all of which are observed in APBD, and therefore
should be ruled out. Principal differential genetic diagnoses include X-
7

linked adrenomyeloneuropathy, adult-onset Alexander disease, and he-
reditary spastic paraplegia (Table 1C). Additional differential genetic di-
agnoses include Parkinson's disease, vascular leukoencephalopathies
(e.g., CADASIL, including NOTCH3 and HTRA1 disorders, and COL4A1
and COL4A2-related disorders), some forms of Charcot-Marie Tooth dis-
ease, adult-onset metachromatic leukodystrophy, and amyotrophic lat-
eral sclerosis (ALS); however, these disorders usually do not have
concurrent spastic paraparesis and peripheral neuropathywhich is typ-
ical of APBD. Corpora amylacea is the accumulation of polyglucosan in
hyaline bodies and occurs in various tissues, including the brain, during
natural aging and some neurodegenerative diseases.

A study conducted on a cohort of 30 patients with APBD found that
all patients were initially misdiagnosed, likely due to lack of awareness
of the clinical and imaging features characteristic of APBD [32]. Themost
common misdiagnoses were MS, ALS, cerebral small vessel ischemic
disease, benign prostatic hyperplasia, and peripheral neuropathy, re-
sulting in patients receiving inappropriate therapy, such as MS
disease-modifying agents, immunosuppressive therapy, and antiplate-
let agents to prevent stroke. The average diagnostic delay was 6.8 (±
4.8) years. A formal study evaluating the rate of misdiagnosis or diag-
nostic delay in children or adolescents with GSD IV has not been re-
ported. In general, misdiagnosis of GSD IV, including APBD, is likely to
decrease with increased access to genetic testing via gene panels,
whole exome sequencing (WES), and whole genome sequencing
(WGS), yet the diagnosis can still be missed even with genetic testing
(see Section 4.4). The current high occurrence of misdiagnosis and like-
lihood of underdiagnosis limits our understanding of disease prevalence
and manifestations; comprehensive natural history studies are needed.

4.2. Clinical evaluation

The clinical evaluation of patients with GSD IV should be undertaken
as a multidisciplinary approach with the aim of assessing the extent of
disease expression across multiple systems. GSD IV is characterized by
a remarkable degree of phenotypic heterogeneity, both with respect
to the pattern of affected organs and the severity of clinical manifesta-
tions. Even within the neuromuscular spectrum of GSD IV, patients
can present with neuromuscular dysfunction in utero, in early child-
hood, or even in middle to late adulthood, as is the case in APBD. Al-
though this disorder has traditionally been divided into discrete
hepatic and neuromuscular subtypes, many patients with GSD IV ex-
hibit multisystem involvement with varying degrees of hepatic, cardiac,
neurologic, and/or skeletal muscle disease [29]. Hence, even patients
presenting with predominant involvement in one of these systems
should be evaluated closely by specialists from multiple disciplines.

Although theworkup of each patient should be tailored to his or her
individual clinical presentation, the evaluation of a patient with GSD IV,
including APBD, should include, at a minimum, several core elements: a
comprehensive physical examination, routine imaging, and laboratory
testing. In addition to comprehensive evaluation at baseline, patients
with GSD IV should be followed longitudinally to monitor for progres-
sion of known disease manifestations and the onset of new symptoms.
Notably, several patients with GSD IV diagnosed in childhood or adoles-
cence have been reported to develop newdiseasemanifestations – such
as hepatocellular carcinoma (HCC) and cardiomyopathy – well into
adulthood, decades after the initial onset of symptoms [30,35,36].
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There have also been reports of patients initially presenting in early
childhood with hepatomegaly and elevated aminotransferases, along
with liver histopathology consistent with GSD IV, and despite the
hepatopathy “spontaneously resolving,” they later presented in adult-
hood with neurological dysfunction consistent with APBD [30,33].

Therefore, longitudinal surveillance of patients with GSD IV, includ-
ing APBD, should continue throughout the lifespan, ideally under the
care of a multidisciplinary team composed of a metabolic disease spe-
cialist/biochemical geneticist and specialists dictated by the disease
manifestations (Section 5).

4.3. Laboratory evaluation

A unique pattern of laboratory abnormalities for patients with GSD
IV has not been recognized to date, and values are expected to differ
based on the extent of tissue involvement in individual patients.

In patients with hepatic involvement, suggestive findings include el-
evated serum aminotransferases and mild hyperlipidemia [8,37]. Bio-
chemical markers typical of other hepatic GSDs, such as lactic acidosis
and hyperuricemia, are not commonly observed. The severe end of the
disease spectrum of hepatic presentation includes progressive
hepatosplenomegaly, portal hypertension, thrombocytopenia, variceal
bleeding, ascites, hyperammonemia, along with persistent increase of
aminotransferases, marked coagulopathy, cholestasis and
hyperbilirubinemia, and worsening liver synthetic function with subse-
quent progression to liver failure [38,39]. It is possible for patients with
hepatic GSD IV to remain relatively stable for an extended period of time
even with definite portal hypertension. In the less severe forms of GSD
IV with hepatic involvement, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and gamma-glutamyl transferase (GGT) levels
show elevations and are usually under 1,000 U/L [40–45]; the increase
of aminotransferases does not progressively worsen over time and the
synthetic function of the liver is preserved in many cases [40–45]. Pro-
gression of cirrhosis can be monitored by platelet count as used in the
other chronic end-stage liver diseases. From general observation in pe-
diatric patients with decompensated cirrhosis (end-stage liver disease),
lower platelet count often reflects the severity of portal hypertension,
with platelet count below 150,000/μL indicating mild portal hyperten-
sion and a platelet count below 100,000/μL indicating moderate to se-
vere portal hypertension [46]; based on clinical observation, this trend
is applicable to cases with GSD IV. Liver failure is associated with
hyperammonemia, reduced 25-hydroxy vitamin D levels, and hypogly-
cemia due to impaired liver function (see Section 5.11). Elevated α-
fetoprotein (AFP) has been noted in two cases, likely reflecting chronic
liver injury and remodeling [47,48]. Most patients with APBD have nor-
mal aminotransferases and liver function.

Individualswithmoremarkedneuromuscular involvementmayexhibit
mildly increased creatine kinase (CK) levels. Assessment of the true fre-
quency and severity of CK elevations is difficult, as many reports do not re-
port the exact timing of measurement in the neonatal period; CK levels are
frequently elevated in unaffected infants during the first days of life. While
CK level is not thoroughly reported, several case reports documented CK
levels to be significantly elevated in the severe and lethal neuromuscular
form [20,49–65], as well as in the less severe neuromuscular form [66]
and APBD [19,24,33,67–70]. Moreover, CK elevations are under-reported
inpatientswith adult-onset cardiomyopathywhile bloodB-typenatriuretic
peptide (BNP) orN-terminal-pro hormone BNP (NT-proBNP) are increased
in most cases with severe cardiac presentation [54,71,72]. Patients with
APBD and marked neurologic involvement may show unspecific findings
in cerebrospinal fluid (elevated glucose or protein).

4.4. Diagnostic testing

4.4.1. Molecular genetic analysis
All GSD IV presentations, including APBD, are caused by variants in

GBE1. Diagnosis of GSD IV is confirmed by the presence of two
8

pathogenic disease-causing variants in the GBE1 gene in an individual.
GBE1 is located on chromosome 3p12.2 (GRCh38.p14) and is the only
known gene associated with GSD IV, including APBD [8,26]. GBE1 has
a coding sequence consisting of 2,106 base pairswith 16 exons encoding
a 702-amino acid GBE protein translated as a single polypeptide [73].
GBE protein has both N- and C- terminus highly conserved domains
with sequence similarities to isoamylase and α-amylase, respectively
[71]. A variety of GBE1 variants and large gene deletions have been
known to cause GBE enzyme reduction or deficiency. The large number
of pathogenic variants in GBE1 signify the underlying disease heteroge-
neity and a need for pursuing large deletion/duplication analyses for
GSD IV. Exon 12 has been reported to be a variant hotspot [73]. The
c.986A>C (p.Tyr329Ser) variant on exon 7 is common in the Ashkenazi
Jewish population (estimated carrier rate 1 in 48 [10]) either in a homo-
zygous state or compound heterozygous with an intronic variant IVS15
+5289_5297delGTGTGGTGGinsTGTTTTTTACATGACAGGT [74,75].

Molecular testing can be performed as single gene testing through
Sanger sequencing combined with deletion/duplication analysis if the
clinical phenotype is compelling for GBE deficiency. GBE1 sequencing
alone detects ∼74% of the pathogenic and likely pathogenic variants; if
combined with deletion/duplication analysis, the detection rate in-
creases to ∼85% [8]. To date, there are 128 pathogenic or likely patho-
genic variants reported in the GBE1 gene known to cause GSD IV in The
Human Gene Mutation Database (HGMD) (http://www.hgmd.cf.ac.uk/
ac/gene.php?gene=GBE1). A large number of disease-causing variants
scattered throughout the GBE1 gene have been identified; these include
missense (∼50% of the pathogenic variants), nonsense, splice site, small
frameshift deletions and insertions, and large gene deletions and dupli-
cations. There are over 150 variants of uncertain significance (VUS)
and 37 variants with conflicting interpretations reported in the GBE1
gene (obtained from ClinVar database http://www.ncbi.nlm.nih.gov/
clinvar, accessed November 1, 2022) which could hinder a confirmatory
diagnosis of GSD IV for many patients. The molecular basis of tissue-
specific GBE activity in patients with GSD IV is not yet clearly understood
and there are no clear genotype-phenotype correlations available at this
time. In general, a combination of two null variants (nonsense, frame-
shift deletions, truncating and large deletion variants) typically produces
the severe neuromuscular phenotypes [8], while the combination of one
null and one missense variant or two missense variants has been re-
ported to produce a variety of hepatic and neuromuscular phenotypes.

If the clinical phenotype is broad and not distinctive fromother GSDs
or other inheritedmetabolic disorders,WES, WGS, or a multigene panel
targeting liver, muscle, neurological, or heart diseases (panel choice de-
pendent on suspected tissue involvement)may be a better option for di-
agnosis. One needs to make sure that the genes in the panel include the
gene of interest (GBE1) and that the diagnostic coverage for each gene is
reasonable so that pathogenic variants are not missed. Comprehensive
next-generation sequencing (NGS) including WES, exome array, and
WGS can also be performed depending upon the clinical presentation
and disease phenotype. Depending on the company performing the ge-
netic testing, results may report GBE1 as being associatedwith "GSD IV,"
and others as "APBD" only. It is important for the ordering provider to
recognize that APBD is a phenotype of GSD IV, and all phenotypes of
GSD IV are caused by two pathogenic variants in GBE1. There have
been continuous improvements made in massively parallel sequencing
(gene panels, WES and WGS) and sophisticated bioinformatics tools
are being applied for data analysis; however, due to wide availability
of NGS, a large number of VUS are being discovered in GBE1 as well.
Thus,molecular confirmatory diagnosis of GSD IV at times canbe elusive
due to the presence of VUS and/or lack of two pathogenic or likely path-
ogenic alleles in GBE1. Additionally, the presence of intronic variants or
large exon/multi-exon gene deletions need to be investigated through
deletion/duplication testing and/or gene expression analysis through
RNA-Seq or other modalities [75]. Therefore, if genetic testing reveals
only one pathogenic variant in GBE1 and the clinical phenotype is con-
sistent with GSD IV, additional molecular testing is warranted [76].

http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GBE1
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GBE1
http://www.ncbi.nlm.nih.gov/clinvar
http://www.ncbi.nlm.nih.gov/clinvar
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4.4.2. Biochemical analysis
Historically, measurement of functional GBE activity was critical for

diagnosis when molecular genetic testing was not widely available.
With increased access to genetic testing, the need for enzymology is
not required in cases that have two documented pathogenic variants
in GBE1. For cases that have inconclusive genetic testing results or re-
quire further confirmation, a diagnosis of GSD IV is supported by the in-
dication of deficient or reduced functional GBE activity in cultured skin
fibroblasts, white blood cells, heart, skeletal muscle, liver, and periph-
eral nerve biopsy tissues based on the clinical symptoms. Biopsy tissue
should be snap frozen and transported to the diagnostic laboratory fro-
zen as enzymeactivity could be compromised if biopsy tissue is exposed
to higher temperatures and thaws. Liver is not the preferred tissue for
measuring GBE residual enzyme activity because of interference of
other isozymes, such as amylase activity, with branching enzyme activ-
ity measurement, thus giving equivocal activity levels. Moreover, if
there is extensive liver fibrosis or cirrhosis, GBE enzyme activity is con-
sidered compromised and enzyme testing may yield false positive re-
sults. Measuring GBE activity in tissues is nuanced, and therefore,
enzymology testing should be conducted at a laboratory experienced
with analyzing tissue from patients with GSD IV. GBE activity in tissues
from individuals affected by GSD IV, including APBD, usually ranges
from 0 to 30% of normal control. However, GBE activity levels can vary
in different tissue types [16,77,78]; therefore, measuring GBE activity
alone may not be a good predictor of the clinical course or the severity
of the disease phenotype in any individual. Moreover, the diagnosis
can bemissed if GBE activity is notmeasured in an affected tissue, as tis-
sue GBE levels can be normal in one tissue and reduced or deficient in
another [79]. Rarely, GBE activity may be secondarily reduced due to al-
ternative disorders, including C2orf69 deficiency which is associated
with deficient GBE activity in the liver [80].

The glycogen content can be mildly elevated in affected tissues
(liver, skeletal muscle, heart), and the glycogen can be abnormal
in structure (longer outer branches; indicated by the glucose-1-
phosphate to glucose ratio). Western blot analysis can also be
performed on a research basis to prove the absence of GBE protein in
erythrocytes, leukocytes, lymphoblastoid cells, and skin fibroblast
cells, but this testing is not currently clinically available.

4.4.3. Histopathology
Due to deficiency or reduction in GBE activity, accumulated glycogen

(polyglucosan) has fewer branch points with longer linear, non-
branched outer chains that gives an amylopectin-like appearance.
Polyglucosan is resistant to diastase (amylase) digestion, whereas nor-
mal branched glycogen is not, and therefore, polyglucosan can be visu-
alized by staining the tissue with periodic acid-Schiff (PAS) and diastase
(amylase). Histopathology of affected tissues typically shows PAS stain-
ing for storage material, which is resistant or partially resistant to dia-
stase digestion. However, the presence of PAS-positive diastase-
resistant storage material is not sufficient for a GSD IV diagnosis.
Polyglucosan can accumulate in tissue as a result of various disorders,
including GSD types VII (Tarui disease) and XV (polyglucosan bodymy-
opathy type 2), RBCK1 deficiency (polyglucosan body myopathy 1),
PRKAG2 syndrome, Danon disease, and Lafora disease, and can also
occur in healthy older persons (corpora amylacea). In alpha-1
antitrypsin deficiency, misfolded, polymerized proteins can accumulate
in the hepatocytes and stain as PAS-positive diastase-resistant. More-
over, the amount of polyglucosan that is able to be visualized on histol-
ogy slides is dependent on the amount of time the diastase is left to
digest the tissue. Therefore, histopathology should be conducted at a
laboratory experienced with analyzing tissue from patients with GSD
IV. Lastly, the level and accumulation of polyglucosan deposition in
GSD IV is variable, and therefore it is possible for a biopsy to not reflect
the individual patient's disease pathology. This has occurred in situa-
tions where pediatric patients with GSD IV presenting with hepatic in-
volvement did not have polyglucosan in their skeletal muscle biopsy
9

[81,82], and vice versa where patients with predominant neuromuscu-
lar involvement did not have polyglucosan bodies in their liver biopsy
[83,84]. Similarly, there are caseswhere symptomatic APBD patients di-
agnosed via genetic testing and/or enzymology had a skeletalmuscle bi-
opsy that did not show the presence of polyglucosan [74,85]. This
highlights the need for proper selection of tissue for biopsy if histopa-
thology is desired to support a GSD IV diagnosis.

For those with symptoms of hepatic involvement (i.e., hepatomegaly
andelevatedALT andAST), a liver biopsy is recommended to assess the ex-
tent of liver disease. The liver biopsy demonstrates polyglucosan accumu-
lation in the cytoplasm of hepatocytes, often in association with a pattern
of lobular fibrosis, distorted hepatic architecture with diffuse interstitial fi-
brosis, and wide fibrous septa surrounding micronodular areas of paren-
chyma [86–88]. The polyglucosan bodies can be seen in the
macrophages as well, suggesting that ingested material is derived from
the cytoplasmic inclusions [89]. Electron microscopic examination reveals
characteristic fibrillar amorphous electron-dense inclusions within hepa-
tocytes, which aids in the diagnosis of GSD IV [88,90]. The fibrosis pattern
is heterogeneous and differs from the fibrosis pattern of typical cirrhosis
due to chronic viral hepatitis. Moreover, the timing and progression of
liver fibrosis in GSD IV is not well understood. Multiple patients with
GSD IV have hadmarked bridging fibrosis or features suggestive of cirrho-
sis on their liver biopsy, but did not progress to overt liver failure or require
liver transplantation. Thus, the histological finding of liver fibrosis should
not be used to predict risk for development of liver failure.

For those with neurological manifestations (i.e., hypotonia, myopa-
thy,weakness, gait abnormalities, peripheral neuropathy, or neurogenic
bladder), biopsies of apocrine glands of axillary skin, skeletal muscle, or
peripheral (sural) nerve can reveal polyglucosan inclusions in the cellu-
lar cytoplasm, with the exception of neurons which have intra-axonal
polyglucosan bodies. In deceased patients with neurological manifesta-
tions of GSD IV, including APBD, autopsy of the brain and spinal cord
typically reveals widespread polyglucosan accumulation in the astro-
cytes, and in some cases, microglia, oligodendrocytes, and/or neuronal
processes [18,20,91–95]. For those with cardiac involvement
(i.e., diagnosed cardiomyopathy), a myocardial biopsy often reveals
the presence of polyglucosan bodies but has a limited role in cardiac
management.

DIAGNOSTIC TESTING RECOMMENDATIONS

• GBE1 harbors a large number of disease-causing variants (missense, nonsense,
splicing, small deletions/duplication and large deletions/duplication) scattered
throughout the gene.

• There are many private/family variants identified in GBE1.
• The pathogenic c.986A>C (p.Tyr329Ser) missense variant is common in the Ash-
kenazi Jewish population (estimated carrier rate 1 in 48).

• Diagnosis is confirmed by demonstrating presence of biallelic pathogenic or likely
pathogenic variants in the GBE1 gene. If genetic testing is inconclusive but there is
clinical suspicion, additional molecular testing is warranted.

• If molecular testing is inconclusive, diagnosis is confirmed by demonstrating
functional GBE enzyme reduction or deficiency in skin fibroblasts, liver, or skeletal
muscle (tissue selected based on presenting symptoms). Given the nuance of GBE
activity in tissues, enzymology testing should be conducted at a laboratory expe-
rienced with analyzing tissue from patients with GSD IV.

• Histopathology of tissues may reveal the presence of storage material
(polyglucosan) which stains positive for PAS and is resistant or partially resistant
to diastase (amylase) digestion. However, the presence of PAS-positive
diastase-resistant storage material alone is not sufficient for a GSD IV diagnosis.

• Elevation of glycogen content in affected tissues with structural abnormality (lon-
ger outer branches of glycogen) is consistent with GSD IV, including APBD.

5. Medical management

GSD IV is a multisystem disorder with variable primary tissue man-
ifestations ranging from hepatic, muscular, neurologic, and/or cardiac
involvement. Affected individuals are bestmanaged by amultidisciplin-
ary team led by a physician with expertise in this disorder. Team



Table 3
Disease characterization and recommended clinical surveillance for patients affected by
the adult-onset form of glycogen storage disease type IV (GSD IV): adult polyglucosan
body disease (APBD).

Specialist Role in multidisciplinary evaluation

Genetics Care coordination, interpretation of genetic testing,
genetic counseling

Neurology Evaluate for onset and progression of abnormal muscle
tone, bulk, strength, and gait, autonomic testing

Urology Evaluate urinary tract dysfunction and provision of
appropriate management techniques

Rehabilitation Therapy Longitudinal monitoring of neuromusculoskeletal and
cardiorespiratory status including motor control and
development, muscle tone, strength, endurance, fatigue,
pain, skin integrity, and function, and provision of
appropriate direct therapy for management of
symptoms, provision of recommendations for exercise
and adaptive equipment, and optimization of status and
function. Additional rehabilitation specialties
(i.e., pelvic floor rehabilitation, speech-language
pathology) should be considered based on the individ-
ual patient's needs and symptoms.

Behavioral
Psychology/Psychiatry

Evaluate for presence, onset, and progression of
cognitive delay, decline, or psychiatric manifestations
and provision of appropriate management techniques

Cardiology Evaluate for presence, onset, and progression of
cardiomyopathy

Nutrition Provision of appropriate dietary recommendations
Hepatology Evaluate for presence, onset, and progression of hepatic

dysfunction if liver function tests are abnormal

All patients with APBD should undergo comprehensive, multidisciplinary evaluations
to assess for and manage neurologic, muscular, cognitive, cardiac, and hepatic
involvement.
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members should include a metabolic disease specialist/medical geneti-
cist and specialists dictated by the disease manifestations (Tables 2 and
3). Transplantation specialists should be consultedwhen indications for
liver and/or heart disease arise. All specialists involved in the care of an
individual with GSD IV, including APBD, should understand the disease
and its broadmanifestations. The progression of pediatric-onset GSD IV
through adulthood remains unclear; therefore, longitudinal follow-up is
needed and additional team members may be needed on the multidis-
ciplinary care team if new symptoms arise. Regardless of age at initial
presentation or symptoms, multidisciplinary, longitudinal follow-up is
warranted. The psychological and emotional impact of this disease on
the patients, their families, and their caregivers should be considered.

5.1. Hepatology

5.1.1. Disease expression
Hepatic manifestations in GSD IV most commonly present in early

childhood before age 5 years. Liver involvement in APBD is less com-
mon, with chronic liver disease being noted in one case of APBD [96]
and liver metastases in another [91]. There are additional cases of
APBD revealing polyglucosan accumulation in hepatocytes on autopsy,
despite having minimal clinical liver involvement; given the lack of
liver dysfunction, it appears these were incidental findings of wide-
spread polyglucosan deposition.

Hepatomegaly is the most common initial presentation of hepatic
GSD IV in children [71,97]. In most cases, patients with hepatic GSD IV
are born without specific complications at the time and are considered
healthy. Typically, patients with hepatic GSD IV develop hepatomegaly
during the first few months of life, which is often first noticed by pedi-
atricians or caregivers. The degree of hepatomegaly and liver dysfunc-
tion varies greatly among individual cases, ranging from minimal to
severe. The pathophysiology of hepatomegaly is due to polyglucosan ac-
cumulation in hepatocytes. The mechanism of hepatocellular
Table 2
Disease characterization and recommended clinical surveillance for patients affected by
glycogen storage disease type IV (GSD IV) with symptom onset in infancy, childhood, or
adolescence.

Specialist Role in multidisciplinary evaluation

Genetics Care coordination, interpretation of genetic testing,
genetic counseling

Hepatology Evaluate for onset and progression of hepatic
dysfunction and portal hypertension; assess need for
liver transplantation

Neurology Evaluate for onset and progression of abnormal muscle
tone, bulk, function, strength, and gait; assess
developmental milestone acquisition

Cardiology Evaluate for onset and progression of cardiomyopathy
and/or arrhythmias; assess need for heart
transplantation

Rehabilitation Therapy Longitudinal monitoring of neuromusculoskeletal and
cardiorespiratory status including motor control and
development, muscle tone, strength, endurance, fatigue,
pain, skin integrity, and function, and provision of
appropriate direct therapy for management of
symptoms, provision of recommendations for exercise
and adaptive equipment, and optimization of status and
function. Additional rehabilitation specialties
(i.e., speech-language pathology, pelvic floor rehabili-
tation) should be considered based on the individual
patient's needs and symptoms.

Nutrition Provision of appropriate dietary recommendations
Behavioral
Psychology/Psychiatry

Evaluate for onset and progression of cognitive delay,
decline, or psychiatric manifestations and provision of
appropriate management techniques

Urology Evaluate urinary tract dysfunction and provision of
appropriate management techniques, if needed

All patients with GSD IV and symptom onset in infancy, childhood, or adolescence should
undergo comprehensive, multidisciplinary evaluations to assess for and manage hepatic,
muscular, neurologic, and cardiac involvement.
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dysfunction associated with the accumulation of polyglucosan is likely
multifactorial and yet to be determined. It is important to note that, in
addition to hepatomegaly, some patients can also develop or present
with splenomegaly. The liver and spleen are easily palpable and often
manifest as a rocky surface texture. In most cases, the production of co-
agulation factors by the liver remains intact, and no complications from
portal hypertension are evident in early infancy; cholestasis/jaundice is
rarely seen. Moderate elevation of serum aminotransferases is often the
only abnormal laboratory finding at the timeof presentation. GSD IV can
progress to severe portal hypertension and liver dysfunction in the first
few years of life, requiring liver transplantation for long-term survival.
In contrast to other types of GSD (i.e., types I, III, VI, and IX)where hypo-
glycemia is a presenting and predominant feature, hypoglycemia-
related symptoms are typically absent. However, there are reports of
some cases of patients with hepatic GSD IV that presented with hypo-
glycemia requiring nutritional supplementation to maintain blood glu-
cose levels (see Section 5.11).

Historically, cases with severe liver dysfunction and death before
age 3 to 5 years without liver transplantation were categorized as the
“progressive” (or “classic”) type of hepatic GSD IV [8]. Cases with
mild and/or resolved liver dysfunction were termed the “non-pro-
gressive” hepatic type [41,42,98,22,23]. This categorization is applied
retrospectively and is considered outdated due to the variation in
liver disease progression. Nonetheless, liver transplantation has
been indicated previously based on the diagnosis of hepatic GSD IV
alone without careful monitoring of the progression of liver dysfunc-
tion and portal hypertension (i.e., preemptive liver transplantation
before the onset of clinically significant portal hypertension or de-
compensating cirrhosis). Therefore, the natural disease progression
is unclear for some cases. For example, there are cases with hepatic
GSD IV who have remained relatively stable for an extended period
of time (beyond 5 years of age) even with definite portal hyperten-
sion, indicating that the progression rate may vary among patients.
There are no specific clinical parameters for GSD IV during early in-
fancy or childhood that help predict the liver disease course, and
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currently, no genotype-phenotype correlation has been established
for hepatic GSD IV [42,51]. Liver biopsies of patients with hepatic
GSD IV often exhibit liver fibrosis; the extent of liver fibrosis does
not predict the course of liver disease and cannot differentiate
those who will require liver transplantation. There are cases of fibro-
sis on initial liver biopsy during childhood in patients who survived
without liver transplantation for decades [23,41,42,98]. Therefore,
the role of repeat surveillance liver biopsies is unclear. We recom-
mend using the clinical signs of portal hypertension to assess the
progression of liver disease as this better reflects the stage of cirrho-
sis and liver dysfunction.

Patients with the lethal neuromuscular phenotype at birth or shortly
thereafter are thought not to have hepatosplenomegaly or liver dys-
function [59,99,100]. However, there are reported patients with severe
neuromuscular involvement that had hepatic fibrosis on autopsy and/
or elevated aminotransferases or hepatomegaly, as well as many pa-
tients with predominantly neuromuscularmanifestationswho later de-
velop hepatic involvement [29]. Therefore, even if the initial symptoms
are predominantly neuromuscular, referral to a hepatologist is war-
ranted. It is important to note that, outside of environmental and life-
style contributors, incidental aminotransferases elevations may be due
to GSD IV even if the patient's symptoms are predominantly neuromus-
cular; in these situations, AST is typically higher than ALT due tomuscle
involvement.

There are reports of patients with hepatic GSD IV who had “resolu-
tion” of liver disease in childhood and later developed APBD in adult-
hood [30]. This highlights that pediatric-onset GSD IV and APBD are
part of a clinical continuum and further suggests that all patients
with GSD IV need lifelong monitoring. The link between hepatic GSD
IV and progression to APBD, as noted in some cases, requires further
investigation.

5.1.2. Evaluation and management
Since liver disease is not common in APBD, the following informa-

tion is tailored for pediatric-onset GSD IV and, unless stated otherwise,
typically not applicable to APBD. Rather, recommendations for evalua-
tion and management of liver involvement in APBD are listed
separately.

For pediatric-onset GSD IV, formal evaluation for liver involve-
ment at the time of diagnosis and longitudinal follow-up is recom-
mended. Imaging of the abdomen (Doppler ultrasound) is
supportive of diagnosis, and for those with symptoms of hepatic in-
volvement (i.e., hepatomegaly and elevated ALT and AST), a liver bi-
opsy is recommended to assess the extent of liver disease. Careful
monitoring of liver synthetic function, cholestasis, and the progres-
sion of portal hypertension is key to the management of liver disease
due to GSD IV. Routine abdominal imaging including an ultrasound
every 6 months and annual ultrasound-based elastography
(i.e., FibroScan) or MRI-based elastography (magnetic resonance
elastography; MRE) are indicated for monitoring the progression of
cirrhosis. Laboratory tests including serum ALT, AST, GGT, bilirubin
(direct and indirect), albumin, prothrombin time and international
normalized ratio (PT/INR), platelet count, ammonia, glucose, and
25-hydroxy vitamin D should be evaluated every 3 to 6 months to
monitor hepatic function, progression of portal hypertension, fat-
soluble vitamin deficiencies, and cholestasis.

Given that liver disease can progress rapidly with decompensat-
ing cirrhosis and patients may require liver transplantation, it is rec-
ommended to refer all patients with hepatic GSD IV to a pediatric
hepatologist and a liver transplantation center as soon as liver in-
volvement is confirmed. Clinical signs of portal hypertension are in-
dicative of advanced disease, yet it is possible for some patients to
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remain relatively stable for an extended period of time even with
definite portal hypertension. Therefore, the development of portal
hypertension does not automatically warrant liver transplantation.
It is recommended that all patients be closely monitored using stan-
dard clinical management for portal hypertension [101,102]. Moni-
toring the progression of liver disease and comorbidities of heart
and/or muscle disease are critical to determine the indication for
liver transplantation and the timing thereof. Once ascites develops,
cirrhosis enters a decompensation process; thus, patients with he-
patic GSD IV need liver transplantation evaluation by experts before
the development of significant ascites. Due to the multisystemic na-
ture of GSD IV, highly personalized care and management are crucial
before and after liver transplantation. Refer to Section 5.3 for consid-
erations and indications for liver transplantation.

An abdominal Doppler ultrasound is indicated when a physical
exam reveals ascites or there is sudden, acute weight gain, primarily
to evaluate portal vein flow to rule out thrombosis as the latter im-
pacts the planning of liver transplantation. The development of asci-
tes indicates decompensation of cirrhosis and it can be controlled by
diuretics, including spironolactone. When ascites develops abruptly,
diagnostic paracentesis is indicated to rule out spontaneous bacterial
peritonitis. Long-term antibiotics can be given for prophylaxis of
spontaneous bacterial peritonitis and small bowel bacterial over-
growth due to malabsorption and intestinal edema in the setting of
compromised splenic function and neutropenia. Progression of liver
dysfunction to liver failure results in coagulopathy, variceal bleeding,
cholestasis, hepatic encephalopathy, growth failure, protein-energy
malnourishment, and nutrient deficiencies (see Section 5.11 for nu-
trition considerations). Upper gastrointestinal endoscopy with
banding of varices is indicated for patients that have evidence of gas-
trointestinal bleeding (melena); however, it is not recommended for
surveillance of esophageal varices for pediatric patients without
signs of bleeding. Variceal bleeding can cause acute decompensation
and multi-organ failure. Standard clinical management, including
endoscopic banding and sclerotherapy, is indicated. The safety and
efficacy of octreotide for variceal bleeding have not been established;
therefore, we recommend using octreotide with caution. Non-
selective β-blockers can be used for secondary prophylaxis for vari-
ceal bleeding; however, cardiology should be consulted before
starting β-blockers for patients who have cardiomyopathy, and par-
ticularly for cases of advanced liver disease, caution should be taken
with β-blockers due to their potential to mask symptoms of hypogly-
cemia. Thrombocytopenia and neutropenia due to hypersplenism
can be severe. Thrombocytopenia increases the risk of variceal bleed-
ing. Neutropenia compromises the immune system, and prophylactic
antibiotics are indicated when severe.

Along with monitoring for progression of portal hypertension, care-
ful monitoring of liver function is indicated for all cases with hepatic
GSD IV. Infants with GSD IV exhibit mild coagulopathy; however, syn-
thetic dysfunction due to liver failure is rare until end-stage. Mild coag-
ulopathy is more likely due to vitamin K deficiency from poor nutrition
status, chronic diarrhea, and bacterial overgrowth of the small bowel.
Jaundice/cholestasis also appear late in the disease stage. When chole-
stasis progresses, fat-soluble vitamins (A, D, E, and K) should be supple-
mented to prevent deficiencies (see Section 5.11). There are reports of
hepatocellular adenomas (HCA) [72,103] and HCC in hepatic GSD IV
[36,48], and therefore routine imaging and monitoring of AFP are war-
ranted. Of note, in other types of GSD (I and III), AFP is not considered
a reliable marker of HCA or malignant HCC transformation [104–107].
Management and treatment of individuals who develop HCA or HCC
should be directed by the hepatologist with an approach tailored to
the individual patient.
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HEPATOLOGY RECOMMENDATIONS

Recommendations for pediatric-onset GSD IV:

• All patients, regardless of presenting symptoms, should receive hepatic evaluation at
the time of diagnosis and longitudinal follow-up.

• Consider referral to a pediatric hepatologist and liver transplantation center as soon
as diagnosis is confirmed. Monitoring the progression of liver disease and comor-
bidities of heart/neuromuscular disease are critical to determine the indication for
liver transplantation and the timing thereof.

• An individualized approach is needed for consideration of liver transplantation.
There is variation in liver disease progression in GSD IV and the extent of liver
fibrosis on liver biopsy does not predict the course of liver disease, nor can it
differentiate those who will require liver transplantation.

• Abdominal imaging of the liver and spleen by ultrasound every 6 months and annual
liver elastography (FibroScan or MRE) are indicated for monitoring the progression
of liver disease, including cirrhosis, portal hypertension, and tumor formation.

• Laboratory tests include serum ALT, AST, GGT, bilirubin (direct and indirect),
albumin, PT/INR, platelet count, ammonia, glucose, and 25-hydroxy vitamin D every
3 to 6 months to monitor hepatic function, progression of portal hypertension,
fat-soluble vitamin deficiencies, and cholestasis.

• Given the risk of HCC in hepatic GSD IV, periodical monitoring of AFP and routine
abdominal imaging is recommended.

• In addition to routine surveillance, abdominal Doppler ultrasound is indicated if new
ascites is identified on physical exam or if there is acute weight gain to address
portal vein thrombosis as it impacts the planning of liver transplantation.

• When ascites develops abruptly, diagnostic paracentesis is indicated to rule out
spontaneous bacterial peritonitis.

• Prophylactic antibiotics are indicated for small bowel bacterial overgrowth and
spontaneous bacterial peritonitis in the setting of compromised splenic function and
neutropenia.

Recommendations for APBD:

• Liver disease is not common, and formal hepatology evaluation upon diagnosis is not
necessary.

• Laboratory tests include serum AST, ALT, GGT, bilirubin (direct and indirect),
albumin, PT/INR, and platelet count every year to screen for liver dysfunction. If any
of these tests are abnormal, refer the patient to a hepatologist.

5.2. Cardiology

5.2.1. Disease expression
Cardiac involvement has been noted in patients who have hepatic or

neuromuscular involvement, or both [29], as well as in APBD [79].
Rarely, cardiac involvement has been noted as the sole disease manifes-
tation (i.e., in the absence of additional neuromuscular or hepatic in-
volvement) [29]. The cardiac manifestations of GSD IV, including
APBD, typically reflect primary myocardial disease or cardiomyopathy,
which can range from ventricular hypertrophy (hypertrophic cardio-
myopathy, HCM) to ventricular dilation and loss of systolic function
(non-ischemic dilated cardiomyopathy, DCM). While cardiomyopathy
typically occurs in the context of other non-cardiac manifestations of
disease, predominant cardiac involvement has been described
[78,108]. The age of cardiac disease onset is variable, from severe, symp-
tomatic disease in early childhood [71,109,110] to asymptomatic dis-
ease noted in adulthood [111,112]. The severity of disease progression
is similarly variable, and can range from asymptomatic [113] to symp-
tomatic heart failure requiring cardiac transplantation [114,115]. Iso-
lated cases and limited case series have identified a range of possible
electrical abnormalities or arrhythmias of the heart, including non-
sustained VT, intraventricular conduction delay (bundle branch block),
and atrioventricular conduction block requiring pacemaker implanta-
tion [18,78]. Further, cases of sudden death have been reported, al-
though it remains unclear whether electrical abnormalities and
arrhythmia predisposition can occur in the absence of significant
cardiomyopathic disease [78,113,116].

5.2.2. Evaluation and management
For all patientswith GSD IV, includingAPBD, cardiac evaluation at the

timeof diagnosis and longitudinal follow-up, ideally by a specialist in car-
diomyopathy and cardiovascular genetics, is recommended. The initial
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evaluation should involve a detailed personal history, family history,
and physical exam. Testing that should be considered at the time of diag-
nosis includes baseline BNP or NT-proBNP, 12‑lead ECG, ambulatory
rhythmmonitor (such as a Holter monitor), and cardiac MRI with con-
trast. If a cardiac MRI is not feasible, a transthoracic echocardiogram can
be considered. Surveillance should be tailored to the individual patient,
development of symptoms, and disease progression and should typically
include an annual clinical evaluation, ECG, ambulatory rhythmmonitor,
and echocardiogram. Cardiac MRI with contrast should be repeated
every 3 to 5 years, or earlierwith clinical change. Loopingeventmonitors,
including subdermal implantablemonitors, can be considered in the set-
ting of symptoms concerning for cardiac arrhythmias such as sustained
palpitations, suspected cardiogenic presyncope, or syncope. Repeat
BNP/NT-proBNP canbe consideredwith episodesof suspected cardiac in-
sufficiency or heart failure.Myocardial biopsyhas a limited role in cardiac
management and can be considered in an institution and/or patient-
specific manner. Similarly, cardiac catheterization may be considered,
particularly to evaluate for elevated end-diastolic pressures; however,
the decision should be individualized to the institution and/or patient.

There is limited data on medical therapies utilized to treat the car-
diac manifestations of GSD IV, including APBD, and the current litera-
ture is heterogeneous. Existing consensus guidelines for the
management of cardiomyopathies and heart failure in pediatric and
adult patients can inform an overall management strategy, which in-
dividualizes approach based on whether the patient hosts a HCM or
DCM subtype [117–120]. Management of individuals with GSD-
associated cardiomyopathy should be performed in partnership with
specialists in cardiomyopathy and/or heart failure. For asymptomatic
individuals without evidence of cardiac disease, surveillance without
cardiac medications is reasonable. For individuals with HCM, use of
β1-selective β-blockers, such as metoprolol, is reasonable. For individ-
uals with DCM, use of either β-blockers (either β1-selective, or combi-
nation non-selective β1/α1 blocker, such as carvedilol), or either
angiotensin-converting enzyme (ACE) inhibitors or angiotensin recep-
tor blockers (ARBs), is reasonable. For advanced DCM, β-blockers can
be combined with ACE inhibitors or ARBs at the discretion of the pro-
vider. Further, for symptomatic individuals with DCM, the use of di-
uretics is reasonable. Successful treatment of arrhythmias with β-
blockers and sotalol have been reported; however, antiarrhythmic
should be individualized to the specific patient in consultation with
clinical electrophysiologists given the limited data available. For pa-
tients with significant liver disease and/or a history of hypoglycemia,
caution should be taken when using β-blockers given the potential
to mask symptomatic hypoglycemia. Refer to Section 5.3 for consider-
ations and indications for heart transplantation.

CARDIOLOGY RECOMMENDATIONS

• All patients with GSD IV, including APBD, should receive a comprehensive cardiac
evaluation at the time of diagnosis and longitudinal follow-up by a cardiologist.

• The initial evaluation should involve a detailed personal history, family history, and
physical exam. Baseline testing which can be considered includes a baseline BNP or
NT-proBNP, 12‑lead ECG, ambulatory rhythm monitor (such as a Holter monitor),
and cardiac MRI with contrast and/or echocardiogram.

• Clinical evaluation including ECG, ambulatory rhythm monitor, and echocardiogram
should be repeated annually, or sooner with clinical change. Cardiac MRI with con-
trast should be repeated at least every 3 to 5 years to monitor for heart disease, or
sooner with clinical change.

• Laboratory tests include serum BNP or NT-proBNP periodically (typically every 12
months) to monitor cardiac function and the progression of heart disease, or sooner
with clinical change such as new or worsening heart failure.

• A multidisciplinary team including medical genetics, cardiology, cardiac
intervention, and cardiac surgery should be consulted when considering whether or
not to proceed with mechanical support or cardiac transplantation.

• Monitoring the progression of heart disease and comorbidities of liver/neurological
disease is critical to determine the indication for cardiac transplantation and the
timing thereof.
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5.3. Considerations and indications for liver or heart transplantation

Liver failure occurs in the process of decompensating cirrhosis.
Decompensation of cirrhosis is the sign of irreversible liver dysfunction,
and liver transplantation is required for long-term survival. To date,
liver failure has not been associated with APBD. It is recommended to
refer patients to a liver transplantation center before the development
of portal hypertension in order to avoid delay in transplantation evalu-
ation. Historically, the diagnosis of hepatic GSD IV prompted liver trans-
plantation in the early stage of life without long-termmonitoring of the
progression of liver fibrosis, and therefore the natural history of slowly
progressive hepatic GSD IV was unclear. Liver disease can progress to
end-stage over the course of a fewmonths to 2 to 3 years, yet a signifi-
cant number of patients have showed mild or even resolution of overt
liver disease after years of supportive care [16,23,41,42,71]. Because of
the possibility of stability and/or non-progression and lack of available
organs, preemptive liver transplantation for patients with GSD IV who
do not have decompensated cirrhosis should be avoided. An individual-
ized approach should be taken when considering patients for liver
transplantation, even in situations where there is a family history of
GSD IV with liver involvement.

Using the samemedical criteria for other pediatric liver diseases, pa-
tients with hepatic GSD IV should be considered for liver transplanta-
tion if they exhibit: (1) evidence of significant liver dysfunction
(cholestasis and protein synthesis defects), (2) signs ofmalnourishment
or growth failure despite supplemental enteral feeding with maximal
calories, or (3) development of ascites due to portal hypertension, indi-
cating decompensated cirrhosis [121]. For cases with decompensated
liver disease, thewait time on the transplantation listwill be short as ex-
ception Pediatric End-Stage Liver Disease (PELD) scores can be granted
for cases with GSD IV in the current United Network for Organ Sharing
(UNOS) system. We recommend careful monitoring of liver disease
with special attention to ascites and progression of portal hypertension
under the care of a pediatric transplantation center, which is also the
standard in the management of other hepatic GSDs (types I, III, VI, and
IX) [106,107,122]. Considerations for nutrition therapy prior to liver
transplantation and post-liver transplantation are detailed in
Section 5.11.

Liver transplantation for GSD IV is effective and previous reports
demonstrated long-term survival after transplantation [123–126]. The
progression of cardiac involvement in GSD IV post-liver transplantation
is variable and not well understood. Many cases have successfully re-
ceived a liver transplant and did not develop cardiomyopathy, yet
there are reports of patients who received a liver transplant and subse-
quently developed severe cardiomyopathy and died from heart failure
[43,127,128]. Themechanisms of heart failure after liver transplantation
are unclear; however, steroid- and tacrolimus-induced hypertension
can cause deterioration of heart function (see Section 5.12). Recent
case series of unfavorable outcomes after liver transplantation have
highlighted the need formultidisciplinary, longitudinal follow-up of pa-
tients post-transplantation to monitor disease progression, as the ma-
jority of cases with unfavorable outcomes showed normal heart
function on echocardiogram before liver transplantation [43,129].
Therefore, careful evaluation of cardiac function before liver transplan-
tation, even in the absence of clinical decompensation, is warranted.
We recommend cardiac MRI in addition to echocardiogram to investi-
gate detailed cardiac function and the presence of myocardial abnor-
malities as a part of liver transplantation evaluation. The role of heart
biopsy and cardiac catheterization needs further investigation. In gen-
eral, when polyglucosan accumulation is not noted in cardiomyocytes,
and cardiac function is intact, the risk of cardiomyopathy after liver
transplantation is expected to be low. Yet, when polyglucosan accumu-
lation is found in cardiomyocytes, the degree of accumulation does not
predict the risk of heart failure post-liver transplantation [43,124,129].

For cases of GSD IVwith cardiomyopathy refractory tomedicalman-
agement, surgical intervention, including mechanical support and
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cardiac transplantation, can be considered. It is recommended that deci-
sions to proceed with mechanical support or cardiac transplantation be
made in a multidisciplinary fashion seeking expertise from medical ge-
netics, cardiologists specializing in cardiomyopathy and heart failure,
cardiac interventionalists, and cardiac surgeons. To date, only two
cases of heart transplantation in GSD IV have been reported, both occur-
ring in late adolescence [108,114].

A combination heart-liver transplantation is an option for patients
with both heart and liver failure. Although it is technically feasible and
has been performed in GSD III patients [131], a combined heart and
liver transplantation for patientswith GSD IV has not been documented.
It is recommended that decisions to proceed with either liver or heart
transplantation bemade in amultidisciplinary fashion seeking expertise
from medical genetics, cardiology, hepatology, and cardiac and hepatic
transplantation teams. Further studies of patients with GSD IV and
both hepatic and cardiac involvement are needed. At this time, the im-
pact of myopathy and neurologic involvement on liver or heart trans-
plantation outcomes is not clear, and a multidisciplinary approach is
needed.

CONSIDERATIONS AND INDICATIONS FOR LIVER OR HEART TRANSPLANTATION

• Liver transplantation is required for long-term survival in individuals with decom-
pensated cirrhosis. Refer to a liver transplantation center before the development of
portal hypertension to avoid delay in transplantation evaluation.

• Liver transplantation should be considered in individuals who exhibit evidence of
significant liver dysfunction, signs of malnourishment or growth failure despite
supplemental enteral feeding with maximal calories, or development of ascites due
to portal hypertension, indicating decompensated cirrhosis.

• Because of the possibility of stability and/or non-progression and the lack of avail-
able organs, preemptive liver transplantation in individuals who do not have
decompensated cirrhosis should be avoided.

• Careful evaluation of cardiac function with cardiac MRI and echocardiogram before
liver transplantation, even in the absence of clinical decompensation, should be
performed.

• For cases with cardiomyopathy refractory to medical management, surgical
intervention, including mechanical support and cardiac transplantation, can be con-
sidered.

• A combined heart and liver transplantation for patients with GSD IV has not been
documented but is an option for patients with both heart and liver failure.

• The impact of myopathy and neurologic involvement on transplantation outcomes is
not clear.

5.4. Neurology

5.4.1. Disease expression
Neurologic manifestations of GSD IV can vary in severity and age of

onset. Neuromuscular involvement in infancy can manifest as global
muscle weakness, hypotonia, arthrogryposis, and respiratory distress,
and in children as grossmotor delay, hyperlordosis, and proximalweak-
ness. Alternatively, neurologic involvement in APBD typically manifests
as spastic gait, neurogenic bladder, and peripheral neuropathy. Natural
history studies are needed to understand the progression of neurologic
involvement from childhood to late adulthood.

Primarily neurologic manifestations of GSD IV in infancy or early
childhood are typically lethal and considered rare, with fewer than 30
cases reported in the literature since Zellweger's initial description of
this subtype in 1972 [132]. The reports are almost entirely single case
reports [20,53,57,58,60,61,132–136] or reports of multiple individuals
in single families [21,52,56,83,84],with only a handful of reports that in-
clude multiple unrelated cases [59,100]. All reported childhood cases
have had prenatal or congenital onset. Common prenatal signs include
fetal akinesia and polyhydramnios. Affected infants are born with con-
genital hypotonia, often accompanied by contractures (arthrogryposis)
and respiratory failure requiring immediatemechanical ventilation. Life
expectancy is typically less than one a year, due to cardiac and/or respi-
ratory failure. However, there are reported cases of patients who ini-
tially resembled the lethal phenotype (global hypotonia and
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contractures), but did not require ventilator support or a feeding tube
[137]. At latest follow-up, these patients were surviving into middle
childhood, but had significant weakness and could not independently
ambulate; longitudinal data on these patients is needed.

A neuromuscular-predominant phenotype presenting in late child-
hood or adolescence has also been reported [16,18,66]. Typically, preg-
nancy and delivery are normal and there is no cognitive impairment. In
two Turkish male siblings, both presented at around 6 to 8 years of age
with muscle hypotrophy, weakness, positive Gower sign, and delayed
motor development. However, the age of onset and progression is un-
clear because an additional male sibling was evaluated at age 1.5 years
old given the positive family history, and at that time, the patient exhib-
ited muscle hypotonia, mild weakness, and positive Gower sign [16]. In
a separate case report, a male patient presented in early childhoodwith
delayed motor development, weakness, and muscle hypotrophy, with
progression throughout adolescence [66]. Lastly, another male sibling
case report detailed fatigue and generalized skeletalmuscle hypotrophy
without paresis beginning in early childhood; both siblings suffered
from cardiomyopathy, which led to the death in the older sibling at
age 19 years [18].

APBD is an adult-onset neurodegenerative disorder where dysfunc-
tion of the CNS and PNS is responsible for the most debilitating clinical
manifestations: neurogenic bladder (100%), spastic paraparesis (90%),
and sensorimotor axonal peripheral neuropathy (90%) [27,138]. The
spasticity and neuropathy typically cause motor dysfunction with
weakness, impaired rapid and fine movements, muscle cramps, hyper-
and/or hypo-reflexia, and joint contractures. In addition, about half of
the patients develop late cognitive decline. Initial symptoms and rate
of progression are variable, as evidenced by a retrospective study of 50
patients with APBD [27]. Neurogenic bladder was the frequent initial
manifestation with a median age of onset of 51 years-old (range 20 to
71 years), and patients reported difficulty walking beginning at a me-
dian age of onset of 53 years (range 33 to 65 years), with progression
to a wheelchair-bound state at a median age of 64 years (range 51 to
73 years). Sexual dysfunction, including male impotence, was often re-
ported but not systematically assessed, so prevalence is uncertain. Addi-
tional neurologic manifestations in less than half of the patients include
abnormal eye movements with saccadic pursuit and occasional loss of
convergence, arm spasticity, cerebellar ataxia, dysautonomia with or-
thostatic hypotension, fecal incontinence, and parkinsonism with bra-
dykinesia [138]. Cognitive decline consisting of mild to moderate
attention and memory deficit may also affect up to 50% of patients
with APBD [27], and a recent review of published cases found that exec-
utive deficits and memory impairment are the most common cognitive
symptoms in APBD [139].

A diverse range of neurons and neural tracts can be affected in APBD,
leading to symptomatic overlapwith disorders across the neuromuscu-
lar and CNS spectrum, including: stroke-like events with leukodystro-
phy [140], pure or complicated hereditary spastic paraplegia [141],
ALS-like motor neuron disease [95,142], atypical parkinsonism with
upper motor neuron disease [92,143,144], frontotemporal dementia
with motor neuron disease [145–148], asymmetric progressive
plexopathy predominantly affecting the brachial plexus [149],
relapsing-remitting neurological manifestations with hepatopathy
[33], leg myoclonus, bulbar palsy, and ophthalmoplegia [144,151], and
severe diaphragmatic dysfunction with respiratory failure [91].

5.4.2. Evaluation and management
Comprehensive physical examinations in infants, children, adoles-

cents, and adults should be performed with special attention to neuro-
muscular function, including assessment of muscle tone, bulk, and
strength.

For pediatric patients, growth and developmentalmilestone acquisi-
tion should bemonitored. In individuals with contractures where accu-
rate height/length measurements cannot otherwise be obtained,
alternative measurement methods are detailed in Section 5.13. Due to
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the spectrum of neurologic involvement in GSD IV, the progression of
classical childhood/adolescent neuromuscular symptoms into symp-
toms consistent with APBD is a possibility, and lifelong monitoring is
warranted. Moreover, pediatric patients with GSD IV and predomi-
nantly hepatic involvement initially have gone on to exhibit neuromus-
cular involvement [29] and therefore longitudinal evaluations by a
neurologist are warranted in all pediatric patients with GSD IV to mon-
itor disease progression. In all symptomatic pediatric patients with neu-
romuscular involvement, regardless of age of onset, serum CK levels
may be normal [16,52,66,132,135,136] ormildly tomoderately elevated
[20,53,56–58,61,133]. When performed, nerve conduction studies
(NCS) and electromyography (EMG) tend to demonstrate myopathic
features [16,18,20,57,58,61,100,132,133,135], with some hints of neu-
rogenic findings in scattered cases [60,100]. Both EMG/NCS and skeletal
muscle imaging can be supportive of the diagnosis, but have a limited
role in dictating symptomatic management of pediatric patients with
GSD IV; they can be considered if disease progression follows unex-
pected patterns or if unexpected neurologic complications arise.

In APBD, because nervous system involvement is extensive, brain
and spinal cord (cervical and thoracic) MRIs can assist in disease diag-
nosis by revealing white matter lesions and atrophy. MRI abnormalities
can have a posterior predominance and diffuse cerebral, cerebellar, or
frontotemporal cortical atrophy, and are typically accompanied by dif-
fuse leukoencephalopathy with lesions in the subcortical and
periventricular white matter, pontine medial lemniscus, dentate nu-
cleus, posterior limb of the internal capsule, external capsule, anterior
medulla oblongata, and cerebellar peduncles [27]. Spinal cord atrophy
typically develops without discrete lesions. White matter lesions may
resemble those observed in MS or vascular leukoencephalopathies
[27]; however, unlike MS, the lesions do not enhance with contrast.
Brain, spinal cord, and skeletal muscle MRIs support diagnosis and un-
derstanding of the individual's disease progression but have limited
roles in dictating symptomatic management; routine brain and spinal
cordMRIs without contrast are recommended every 2 to 5 years to doc-
ument longitudinal progression. Neuroimaging can be repeated earlier
if disease progression follows unexpected patterns or when unexpected
neurological complications arise.

APBD is considered both an upper and lower motor neuron disease,
and NCS and EMG typically demonstrate signs of axonal sensorimotor
polyneuropathy or lumbosacral polyradiculopathy with chronic dener-
vation abnormalities and mild acute denervation changes. Autonomic
testing often reveals abnormalities in cutaneous sympathetic reflex re-
sponses and thermoregulatory sweat testing, as well as reduced or ab-
sent cutaneous vasoconstriction reflexes [27,138]. Repeat
electrodiagnostic procedures have a limited role in dictating symptom-
atic management, but should be considered when disease progression
follows unexpected patterns or when unexpected neurological compli-
cations arise.

Treatment of neurologic manifestations in GSD IV, including APBD,
are primarily symptomatic and best managed by multidisciplinary
teams with specialists dictated by the disease manifestations. There
are no disease-modifying therapies currently available and there are
no biomarkers that have been validated for predicting or monitoring
neurologic progression. The care of infants with the severe neuromus-
cular form of GSD IV has been supportive to date, primarily focusing
on mechanical ventilation and other critical care interventions. In addi-
tion to being followed by a neurologist, individuals affected by the child-
hood, adolescent, or adult form of the disease, including APBD, should
be followed by a physical therapist and/or occupational therapist (see
Section 5.6) to monitor for changes in motor function, prevent and
delay progression of impairments, preservemuscle function andmobil-
ity, optimize physical function, maintain independence, and for pre-
scription of durable medical equipment (i.e., orthotics). All patients
with APBD should be routinely screened for bulbar involvement
(i.e., dysfunction of speech and swallowing) given the risk of silent aspi-
ration and subsequent infection, and should be referred for further
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assessment and treatment by appropriate rehabilitation specialists,
such as a speech-language pathologist, as needed.

Additionally, for ABPD, patients typically require urological inter-
ventions under the care of a urologist and referral to pelvic floor rehabil-
itation (see Sections 5.5 and 5.6). Anti-spasmodic drugs may alleviate
skeletal muscle spasms and cramps. As the disease progresses and gait
impairment worsens, patient requirements for assistive devices may
increase from support with a cane, to walkers, and ultimately to wheel-
chairs. Manifestations of dysautonomia, such as orthostatic hypoten-
sion, should be managed symptomatically. Complaints of rapid vision
loss, haziness in vision, and changes in contrast sensitivity have been
noted in the APBD population [7,152–155]; if vision suddenly changes,
a referral to an ophthalmologist with expertise in neurological condi-
tions is recommended. The disease pathology within the gastrointesti-
nal tract is not well understood. Reports of irritable bowel disease,
fecal incontinence, constipation, and poor rectal sphincter tone have
been noted in the APBD population [77,85,190,191] and require referral
to a gastroenterologist.

NEUROLOGY RECOMMENDATIONS

• All patients with GSD IV, including APBD, should receive neurologic evaluation at the
time of diagnosis and then periodically thereafter.

• Treatment of neurologic manifestations are primarily symptomatic.

Additional recommendations for pediatric-onset GSD IV:

• The care of infants with the severe neuromuscular form of GSD IV is currently
supportive.

• Regardless of age of onset, referral to physical and/or occupational therapy is war-
ranted to monitor for changes in motor function, prevent and delay progression of
impairments, and optimize functional outcomes.

• Clinical evaluations including an EMG/NCS and skeletal muscle imaging may be
useful during the diagnostic process, but have limited roles in guiding longitudinal
management. They may be helpful when the disease course follows unexpected
patterns or when unexpected neurologic complications arise.

Additional recommendations for APBD:

• Clinical evaluations including an EMG/NCS and MRI of the brain and/or spinal cord
support diagnosis. Initial brain MRI with contrast can be useful to distinguish APBD
from multiple sclerosis.

• Repeat EMG/NCS have limited roles in guiding longitudinal management and should
be considered when the disease course follows unexpected patterns or when unex-
pected neurologic complications arise.

• Routine brain and spinal cord MRIs without contrast are recommended every 2 to 5
years to document disease progression.

• Neurogenic bladder manifestations require management by a urologist.
• Referral to physical and/or occupational therapy is warranted to monitor for changes
in motor function, prevent and delay progression of impairments, and optimize
functional outcomes.

• Manifestations of dysautonomia, such as orthostatic hypotension, should be man-
aged symptomatically.

• Referral to an ophthalmologist is recommended if vision suddenly changes.

5.5. Urology

5.5.1. Disease expression
Bladder dysfunction is not well documented in pediatric patients

with GSD IV, with limited reports indicating that patients could suffer
from nocturnal enuresis [156]. The urologic manifestations of APBD in-
cludes neurogenic lower urinary tract dysfunction (i.e., neurogenic
bladder) with symptoms ranging from frequent, urgent urination with
or without urinary incontinence to hesitancy, slow urinary stream, dif-
ficulty emptying, or even complete urinary retention. Recurrent urinary
tract infections (UTI), while multifactorial, can be a manifestation of
poor bladder emptying. Although less well studied, erectile dysfunction
is also a common complaint amongmenwith APBD [27]. Urinary symp-
toms are a hallmark of APBD, often occurring as the first symptom,
sometimes one to two decades before the onset of gait disturbance or
sensory deficits. It is hypothesized that the onset of bladder dysfunction
may correlate with the degree of medullary and spinal atrophy [157].
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Progressive neurogenic bladder has been reported as early as 35 years
of age [140]. In a 2012 analysis of 50 patientswith APBD, 100% had “neu-
rogenic bladder”’ at amedian age of onset of 51 years [27]; however, it is
unclear what the distribution of bladder symptoms was and whether
they were primarily overactive symptoms (e.g., frequency, urgency,
nocturia, incontinence) or obstructive/emptying symptoms
(e.g., hesitancy, straining to urinate, slow stream, urinary retention) or
both. The constellation of urinary symptoms is important as there are
recognized patterns of neurogenic bladder, with the location of neurol-
ogic insult (whether it be in the brain, brainstem, level of spinal cord, or
peripheral nerves) influencing the type of bladder dysfunction pro-
duced and the potential risk of UTI and renal compromise imposed on
the patient.

Additional work is needed to understand the mechanisms involved
in bladder dysfunction in APBD, but current knowledge suggests it can
result from disruption of either the CNS or PNS innervation of the blad-
der. The pons, specifically the pontine micturition center, is an impor-
tant part of the central circuitry that regulates bladder function and
lesions above and below the pons classically produce different mecha-
nisms of bladder dysfunction (with some exception). Like MS, APBD
can affect the brain above and below the pons. We can anticipate that
as we learn more about the bladder complaints in men and women
withAPBD, the bladder experiencesmay varywidely. Additional studies
will be needed to determine if polyglucosan bodies accumulate in the
bladder, urethral sphincter, pelvic and/or peripheral nerves, and to elu-
cidate the mechanisms that impact bladder function.

5.5.2. Evaluation and management
For all patients with GSD IV, particularly APBD, screening for urinary

tract involvement is highly recommended. Simply asking the patient,
“Has anything changed with your bladder?” is likely to identify those
in need of evaluation. At this time, there are no specific patient-
reported outcome questionnaires for neurogenic bladder, general blad-
der dysfunction/incontinence, or erectile/ejaculatory dysfunction that
have been validated for use in the APBD population. For those who
have lower urinary tract symptoms, urologic evaluation should be per-
formed by a urologist, preferably one trained in neurogenic lower uri-
nary tract dysfunction (i.e., neuro-urologist). Evaluation should
include a careful symptom history, physical exam, urinalysis, and mea-
surement of a post-void residual urine volume if the patient is able to
void spontaneously [158]. If the patient is deemed low-risk, no addi-
tional testing is required. For unknown or elevated risk patients, renal
imaging, renal function assessment, and urodynamic testing should be
obtained. Importantly, impaired bladder compliance (loss of viscoelastic
properties of the bladder) as a cause of hydronephrosis or renal com-
promise should be identified promptly to prevent renal compromise.
Follow-up and ongoing surveillance are important since symptoms
and underlying dysfunction can change over time. Formoderate risk pa-
tients, annual evaluationwith bladder symptomassessment, renal func-
tional assessment and biennial upper tract imaging should be
performed [158]. In high-risk patients, annual renal imaging and
urodynamics are recommended. In asymptomatic patients, surveillance
urine testing should not be performed and asymptomatic bacteriuria
should not be treated. Patients with recurrent urinary tract infections,
hematuria, or concern over anatomical abnormality should undergo
upper tract imaging and cystoscopy [158]. Repeat hospitalizations for
urinary tract infections and related complications are common in
APBD; therefore, patients and their care providers should be educated
on the early signs and symptoms of infections.

Existing consensus guidelines on neurogenic lower urinary tract
dysfunction [158] and overactive bladder [159] can inform the approach
to treatment of bladder symptoms in patients with APBD, allowing for
an individualized approach based on a preponderance of overactive ver-
sus obstructive/emptying urinary symptoms. For patients with urgency,
frequency, nocturia, and incontinence first-line treatment includes be-
havioral modifications such as fluid modulation (or restriction prior to
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going to bed), elimination of bladder irritants (e.g., caffeine, alcohol),
timed voiding (i.e., voiding before urgency or incontinence typically oc-
curs) and optimizing bowel function aswell as pelvic floormuscle exer-
cises. Second-line treatment includes bladder control medications
(e.g., antimuscarinics, β3-agonists); third-line treatment includes botu-
linum toxin injection into the bladder and neuromodulation of the sa-
cral or tibial nerves. Desmopressin can be used with caution to
manage nocturia. For patients with hesitancy, straining, slow stream,
or emptying difficulties, first-line treatments include timed voiding,
double voiding (i.e., attempting to void again immediately after
going), optimizing bowel function, and pelvic floor muscle exercises
geared toward improving relaxation and tone (see Section 5.6). Titrat-
ingmuscle relaxants can be helpful in promoting pelvic floor relaxation
during voiding. α-blockers can be trialed to improved urinary flow
and emptying, but there is limited data on efficacy, especially in
women. When emptying is not adequate, clean intermittent self-
catheterization is recommended over placement of an indwelling cath-
eter to decrease the risk of recurring UTI. If clean intermittent self-
catheterization is not possible, one can consider a suprapubic catheter
for ease of catheter exchanges; a suprapubic tube is preferred over a
urethral catheter tominimize risk of urethral erosion. There is no differ-
ence in risk for UTI between suprapubic catheters and urethral catheters
[160]. Occasionally, reconstructive procedures to augment the bladder
and build a catheterizable channel may be needed. It is expected that
patients with APBD may in fact have a combination of overactive and
obstructive/emptying bladder symptoms and may need combination
therapy (e.g., intermittent catherization plus botulinum toxin injection)
to diminish urinary symptoms.

UROLOGY RECOMMENDATIONS

• All patients with GSD IV, particularly in APBD, should be screened for urinary tract
involvement at the time of diagnosis and during longitudinal follow-up.

• Ongoing surveillance for urinary tract involvement is important since symptoms and
underlying dysfunction can change over time.

• In asymptomatic patients, surveillance urine testing is not necessary and asymp-
tomatic bacteriuria should not be treated.

• Patients with recurrent urinary tract infections, hematuria, or concern for anatomi-
cal abnormalities should undergo imaging and cystoscopy.

• Existing consensus guidelines on neurogenic lower urinary tract dysfunction can
inform treatment and management approaches, including the use of behavioral
modification, medications, botulinum toxin injection, neuromodulation, and cathe-
terization.

• Additional work is needed to understand the mechanisms involved in bladder dys-
function in APBD.

5.6. Rehabilitation therapy

Given the wide range of neurological and neuromusculoskeletal in-
volvement associated with reduced or deficient GBE activity, and the
heterogeneity in terms of tissue involvement, age of onset, and clinical
manifestations, all patients require comprehensive, individualized as-
sessment to monitor disease presentation and progression and identify
opportunities for intervention. The underlying neurological pathologies
are reflected by a range of clinical manifestations, with symptoms oc-
curring across a range of ages and severity with overlap between diag-
nostic categories. Clinical surveillance should include scrutiny in
assessment regarding these features in all individuals throughout the
lifespan. This section focuses on the role of physical and occupational
therapy which is essential to monitor for changes in motor function,
prevent and delay progression of impairments, preserve muscle func-
tion and mobility, optimize physical function, and maintain indepen-
dence. In addition to physical and occupational therapy, all patients
with bladder and/or bowel dysfunction should be referred to pelvic
floor rehabilitation, also known as pelvic floor muscle training, for ex-
pertise in pelvic muscle strengthening, endurance, power, relaxation,
and coordination exercises. Patients with changes or difficulty in speech
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and/or swallowing, suggesting bulbar involvement, should be referred
for further assessment andmanagement by a speech-language patholo-
gist. Additional rehabilitation specialties should be considered based on
the individual patient's needs and symptoms.

Individuals with GSD IV, including APBD, may present with a range
of symptoms and functional limitations that reflect the effects of their
individual underlying myopathic and neurologic involvement. Some
patients with GSD IV present with predominantly neuromuscular man-
ifestations during infancy or early childhood, including hypotonia,
weakness, and/ormuscle atrophy, contractures respiratory distress, fail-
ure to thrive, fatigue, pain, and delay in the achievement of motor skills.
Importantly, however, even patients who present with predominantly
hepatic manifestations require careful evaluation for concurrent motor
impairments, as these patients have also been reported to exhibit
gross motor delay, hypotonia, and other neuromuscular manifestations
[29]. Cardiac involvement also has the potential to contribute to de-
creased exercise tolerance. For adults with APBD, a range of additional
disease manifestations may contribute to functional limitations, includ-
ing neurologic-based impairments in motor control and function,
peripheral neuropathy, spasticity, weakness, dysautonomia, and neuro-
genic bladder.

Motormanifestationsmay be based onmyopathic and/or neurologic
(CNS and/or PNS) involvement, as detailed in Section 5.4. Clinical fea-
tures in the motor system can therefore include (1) primary muscle
weakness frommyopathy (including skeletalmuscle weakness and car-
diomyopathy), (2) neurologic-based hypotonia and other abnormalities
of muscle tone including spasticity, (3) sensory losses, (4) autonomic
dysreflexia, (5) impairment ofmotor control, balance, and coordination,
(6) urinary incontinence, and (7) cardiorespiratory compromise. Func-
tional ramificationsmay include difficulty overcoming gravity, difficulty
in activities of elevation against gravity as in other neuromuscular disor-
ders with the use of Gower's maneuver and other classic compensatory
movements during transitions between positions, and effects on pos-
ture during movement including gait such as lumbar lordosis, fatigue,
decreased endurance, delay in the attainment of motor skills, failure to
thrive, diaphragmatic failure, and impaired function in mobility and
gait.

In addition to the primary effects of polyglucosan accumulation, in-
dividuals with GSD IV, including APBD,may develop secondaryworsen-
ing of neuromuscular function due to disuse and deconditioning, and/or
the development of secondary musculoskeletal impairments such as
contracture and deformity. Secondary musculoskeletal involvement
may occur early from fetal akinesia with contractures presenting at
birth (arthrogryposis) or may evolve slowly over time secondary to
chronically decreased or compromised patterns of movement and
chronic abnormal postures as in other neuromuscular disorders
(i.e., Duchennemuscular dystrophy, spinalmuscular atrophy). Compro-
mised movement may also lead to the risk of compromised skin integ-
rity with repeated hospitalizations for pressure wounds (also referred
to as bedsores) and related complications, and therefore, patients and
their care providers should be educated on preventative care and the
early signs and symptoms of infections.

Physical and occupational therapy examination, evaluation, and in-
tervention are important across all domains of the World Health Orga-
nization's International Classification of Function, Disability, and
Health (ICF), especially for those individuals with neurological, muscu-
loskeletal, and cardiorespiratory involvement. The choice of assessment
and intervention should be individualized based on age, system involve-
ment, and presentation of features. Physical and occupational therapy
assessments should include measures of muscle tone including hypoto-
nia and spasticity, motor control and coordination, balance, postural
control, and function, measures of strength, passive joint ranges of mo-
tion and muscle extensibility, posture and alignment of the spine and
extremities, identification of hypermobility as well as contracture and
deformity, reflex activity, sensation, pain, identification of the risk of
secondary musculoskeletal impairments, risks and early signs and
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symptoms of compromised skin integrity, cardiorespiratory status and
function, and bowel and bladder function. In addition to standard im-
pairment level measurements, functional assessments, measures of dis-
ability, fatigue scales, and patient-reported outcomes are important and
valuable tools for evaluation at baseline and over time (Supplementary
Table S1). The choice of measures to be used should be tailored to the
individual's age, clinical presentation, comorbidities, functional status,
and personal goals, and should include all categories of the ICF. For all
individuals with GSD IV, including APBD, longitudinal physical and oc-
cupational therapy follow-up is indicated tomonitor for changes in neu-
rological and musculoskeletal function over time, prevent or delay the
progression of secondary impairments, and offer interventions aimed
at optimizing function and participation, including assistive technology
as needed.

Physical and occupational therapy can assist the multidisciplinary
team by providing comprehensive, anticipatory, preventative manage-
ment including optimizing strength and motor control, facilitating
motor development, maintaining or improving joint range of motion
andmuscle extensibility and preventing/decreasing contracture and de-
formity, managing spasticity and the impact of spasticity, preventing/
decreasing pain, protecting and optimizing skin integrity, optimizing
cardiorespiratory status and function, optimizing bowel and bladder
function and management, improving function including ambulation,
and recommendation of adaptive equipment and assistive technology
for musculoskeletal management and to optimize function and func-
tional independence. Minimizing secondary worsening of neuromuscu-
lar function due to disuse and deconditioning is also important and
should focus onmaximizing function andminimizing secondary deteri-
oration. Musculoskeletal management should utilize principles of de-
velopmental biomechanics to minimize secondary musculoskeletal
impairment, including contracture and deformity, with prolonged pas-
sive stretch, whichmay be facilitated by splinting and orthotic interven-
tion, serial casting, and positioning devices. Strengthening and exercise
recommendations in the presence of myopathic involvement should
follow standard guidelines for the protection of fragile muscles in the
presence of myopathy, including the use of submaximal functional ex-
ercise, avoidance of excessive resistive and eccentric exercise, individual
monitoring of rate of perceived exertion, cardiorespiratory monitoring,
optimizing biomechanics, and energy conservation. Therapeutic exer-
cise recommendations in the presence of neurologic manifestations
such as decreased coordination, spasticity, and lack of isolated control
should include neurodevelopmental therapeutic handling techniques
that inhibit abnormal muscle tone and facilitate selected control of de-
grees of freedom in more normal patterns of movement, followed by
practice of functional movement and tasks. Adaptive equipment, assis-
tive technology, and orthotic devices should be used as needed to sup-
port movement and musculoskeletal management, maintenance of
skin integrity, safety, energy conservation, and participation.

PHYSICAL REHABILITATION RECOMMENDATIONS

• All individuals with GSD IV, including APBD, should be followed by physical rehabil-
itation specialists to monitor and optimize neuromusculoskeletal status and function
over time, prevent or delay the progression of secondary impairments, and offer
interventions aimed at optimizing function and participation, including assistive
technology as needed.

• Areas for assessment include direct assessment and the use of patient-reported
outcomes in the following areas: neurological, musculoskeletal, cardiorespiratory,
integumentary, bowel and bladder, function, fatigue, pain, disability, quality of life,
and adaptive equipment & assistive technology.

• Areas for intervention and monitoring, even in individuals in whom symptoms have
not yet been reported, include exercise (strengthening and/or optimizing
movement, protection of fragile muscles), managing abnormal muscle tone, opti-
mizing motor control and functional coordinated movement (including gait), energy
conservation, cardiopulmonary care, bowel and bladder management, maximizing
function, minimizing deconditioning, fatigue, and pain, as well as prevention,
minimization, and management of secondary contracture and deformity, and offer-
ing recommendations regarding adaptive equipment and assistive technology.
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• Patients and their care providers should be educated on preventative care and the
early signs and symptoms of infections due to risk of compromised skin integrity
with repeated hospitalizations for pressure wounds (also referred to as bedsores).

• All patients with bladder and/or bowel dysfunction should be referred to pelvic floor
rehabilitation for expertise in pelvic muscle strengthening, endurance, power,
relaxation, and coordination exercises.

• The role of additional rehabilitation specialties, including speech-language
pathology, should be considered based on the individual patient's needs and symp-
toms.

5.7. Fatigue and physical activity

Themechanism of fatigue in both children and adults with GSD IV is
not well understood and is likely multifactorial. Contributing factors
could be due to disease pathology, impairment of neuronal function,
lack of muscle strength, poor sleep due to end-stage liver disease status,
neurogenic bladder, pain, or abnormal sleep as shown in other white
matter and mood disorders (see Section 5.8). Polysomnography (sleep
study) should be conducted to assess for sleep apnea. Routine physical
activity, specifically mild to moderate aerobic exercise, should be en-
couraged in all individuals. Stretching and warming up should be per-
formed prior to activity. Exercises targeted to flexibility and
strengthening of the core muscles are particularly important in individ-
uals demonstrating or at risk of decreased range of motion and hypoto-
nia, respectively. Patients should be encouraged to avoid potentially
damaging activities, including heavy weightlifting and intense resistive
and eccentric activity. Individuals with severe cardiac dysfunction
should receive clearance from a cardiologist before implementing an
exercise regimen. Individuals with hepatosplenomegaly and/or signs
of liver dysfunction should avoid contact sports, as these place the pa-
tient at increased risk for hepatic/splenic injury and bleeding. Physical
and/or occupational therapy servicesmaybeutilized topreservemuscle
function, mobility, maintain independence, develop a safe exercise reg-
imen, and use energy conservation techniques to support function and
optimize participation (see Section 5.6). Medications that target nerve
signals have been shown to improve walking speed in other demyelin-
ating disorders (i.e., MS) and can be considered for APBD.

5.8. Psychology

The extent to which the GSD IV disease pathology impacts cognition
is unclear. Neuropsychological evaluations are recommended to define
the individual's level and type of impairment, if any, and can be treated
with patient-tailored cognitive behavioral therapy and psychopharma-
cology, as appropriate.

To date, cognitive decline has only been attributed to APBD and
there is no standard treatment for the cognitive decline and psychiatric
manifestations seen in APBD. The lack of awareness of this disorder
within the healthcare system leads to feelings of isolation and despera-
tion for answers in the patients. Despite the different pathophysiology
of neurodegenerative diseases, psychiatric symptoms have been seen
across all neurodegenerative disorders [161]. While there has been no
formal research on the psychiatric symptoms seen in APBD, it is as-
sumed that the disease would fall within the spectrum of other neuro-
degenerative disorders, and it is likely that both the pathophysiology
of the disease and the emotional trauma of the diagnosis cause the psy-
chiatric symptoms [162]. Moreover, the psychiatric symptoms of a neu-
rodegenerative disease can be more difficult to distinguish in the
advanced stages due to overlap with functional and cognitive decline
[161]. Different neurologic conditions share common psychiatric fea-
tures, such as anxiety, depression, and apathy. Anxiety can present as ir-
ritability, paranoia, and emotional instability [161], and a diagnosis of
depression can be difficult to distinguish from the overlapping neurolo-
gic symptoms such as fatigue, insomnia, and cognitive dysfunction
[163]. Loss of independence and uncertainty about the future can add
to the despair. However, the psychopathological manifestations can
show distinct patterns of symptoms depending on the disease and the
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individual. Acknowledgement and management of psychiatric symp-
toms such as anxiety and depression can improve emotional adaptation
and quality of life for the patient, and the use of antianxiety and/or an-
tidepressant medications should be individualized. The course of psy-
chiatric disease features can vary as well (remain stable, progress, or
decrease in severity) [161], and the progressive and fatal nature of a
neurodegenerative disorder can impact the psycho-emotional experi-
ences of the patient [164]. Living with a neurological disease has a pro-
found effect on almost all facets of life, including self-image, family, and
social relationships. Research on the psychological symptoms and
unique psychosocial impacts in APBD is warranted to encourage accu-
rate diagnosis and adequate treatment.

5.9. Care, coordination, and support

As a part of themultidisciplinary care team, a metabolic specialist or
other teammember experiencedwith GSD IV should coordinate the pa-
tient's care to ensure the best health outcomes and facilitate regular
communication about the health of the patient. This team member
can also facilitate a referral to a social worker who can coordinate
healthcare recommendations, including family planning and psychoso-
cial considerations. It is also important for the affected individuals and
their support systems to be connected to community organizations
that can provide mental and emotional support. Several patient advo-
cacy and research organizations are available for individuals and fami-
lies with GSD IV, including APBD. The AGSD (http://www.agsdus.org)
provides information and support to individuals and families affected
by GSD. The website provides descriptions of the GSD types and pro-
vides opportunities for the GSD community to connect, including an an-
nual conference and virtual community groups. The APBD Research
Foundation (http://www.apbdrf.org) is dedicated to finding a cure for
APBD while improving the lives of individuals and families affected.
They also increase public awareness and understanding of the disease,
especially in the at-risk Ashkenazi Jewish population and across the
medical community. Both the AGSD and the APBD Research Foundation
support research studies that may lead to new treatment options and a
cure for the many phenotypes of GSD IV.

5.10. Genetic counseling, prenatal diagnosis, and screening

Genetic counseling should be offered to all families of children and
adults with GSD IV, including APBD. Genetic counselors can help fami-
lies understand risk to current or future family members, discuss family
planning and prenatal diagnosis, and provide information about re-
search and new therapies.

GSD IV, including APBD, is inherited in an autosomal recessive man-
ner. When counseling these individuals/families, the genetic counselor
should collect at least a three-generation pedigree from the proband/
family. De novo variant rates inGBE1 are expected to be infrequent; par-
ents of an affected individual are assumed to be obligate heterozygotes
(i.e., carriers of oneGBE1 pathogenic variant). Each sibling of an affected
individual has a 25% chance of being affected, a 50% chance of being an
asymptomatic carrier, and a 25% chance of being unaffected and not a
carrier. Each sibling of the proband's parents is at 50% risk of being a car-
rier of a GBE1 pathogenic variant. Carrier testing usingmolecular assays
is available if the familial pathogenic variants are known. GBE activity
analysis is not recommended for carrier testing. Variant analysis to fur-
ther refine the risk of having a child with GSD IV can be offered to those
at risk (e.g., the spouse of a known carrier or spouse of an affected per-
son). GBE1 is often included in prenatal screening panels for individuals
of Ashkenazi Jewish background [8]. Prenatal diagnosis is clinically
available and if the family's variants are not known, GBE1 sequencing
can be performed on cultured chorionic villus samples or amniocytes;
alternatively, or if the family's variants are not known, enzyme analysis
can be performed on cultured chorionic villus samples or amniocytes
and these results need to be confirmed through molecular testing.
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Preimplantation genetic diagnosis is available once theGBE1pathogenic
variants have been identified in an affected family member.

Inclusion of GBE1 in diagnostic gene testing for pediatric-onset
hepatopathies, cardiomyopathies, and neuropathies, as well as adult-
onset neuropathies is warranted. Given that APBD is often
misdiagnosed as a different neurodegenerative disorder, such as MS,
ALS, hereditary spastic paraplegia, or Parkinson's disease, GBE1 should
be included on diagnostic adult neuromuscular, neurodegenerative,
and leukodystrophy gene panels.

GENETIC COUNSELING/PRENATAL DIAGNOSIS/SCREENING RECOMMENDATIONS

• Genetic counseling should be offered to all parents with a child with GSD IV and to
all adults with GSD IV, including APBD.

• Determine the proband's GBE1 variants when feasible for diagnosis and to direct
further testing for family members.

• GBE1 variant information is important for carrier testing or prenatal diagnosis and
can be used for targeted variant analysis if clear knowledge of specific private family
variants and/or common variants for specific ethnic groups is available.

• When both variants are known, molecular testing is the preferred method for pre-
natal diagnosis.

• It is recommended to include GBE1 in diagnostic gene panels for pediatric-onset
hepatopathies, cardiomyopathies, and neuropathies, as well as panels for
adult-onset neuromuscular, neurodegenerative, and leukodystrophy disorders.

5.11. Nutrition considerations and energy availability

Despite GSD IV being a result of accumulation of abnormally struc-
tured glycogen (both a quantitative and qualitative defect), the role of
altered glycogen synthesis on glycemic control and subsequent risk of
cellular energy deficits and hypoglycemia is not well understood. It is
thought that GBE deficiency does not cause hypoglycemia even in in-
fants who have less fat and glycogen storage than adults [97]. Rather,
it has been suggested that hypoglycemia in GSD IV occurs in the context
of impaired hepatocyte function and reduced gluconeogenesis second-
ary to liver failure. Yet, the mechanisms contributing to energy deficits
and/or hypoglycemia remain unclear. It is thought that the continued
activation of GYS potentially contributes to an overall energy deficit in
the cell because it continually limits adenosine triphosphate (ATP)
availability which then activates AMP-activated protein kinase
(AMPK) and subsequently inactivates serine/threonine residues of in-
termediate anabolic enzymes via phosphorylation [165]. Chronic activa-
tion of AMPK is not beneficial in the setting of a catabolic defect (i.e., the
inability to degrade polyglucosan in GSD IV); thus, reversal of this con-
tinuous AMPK activation requires anaplerotic therapy [165]. Accord-
ingly, triheptanoin (an odd chain fatty acid) diet therapy was
suggested for its anaplerotic effects to treat the energy defect in APBD
[165,166]. Results of a randomized, double-blinded, placebo-
controlled study using triheptanoin (C7:0) for 6 months in patients
with APBD showed that triheptanoin was safe, but the study could not
determine if it was effective in this patient population [28].

At this time, there is no published evidence on the use of dietary in-
tervention in patients with GSD IV with primarily neuromuscular, neu-
rologic, or cardiac involvement (with the exception of the triheptanoin
trials [28,166,167]). Rather, emphasis on theuse of dietarymanagement
has been noted only in those with hepatic involvement and recommen-
dations depend upon the progressive nature of the disease. Hepatic dis-
ease progressing to liver failure results in impairment of carbohydrate,
protein, and fat metabolism, resulting in protein-energy malnutrition,
growth failure and nutrient deficiencies, particularly deficiency of fat-
soluble vitamins. Hence, dietary treatment should aim at ensuring ade-
quacy of all themacronutrients andmicronutrients. Fat-soluble vitamin
supplements are indicated in cases with cholestasis. The hepatologist
and metabolic dietitian should take the extent of liver failure into ac-
count when recommending nutrition therapy in patients with hepatic
GSD IV. Cirrhosis leads to a state of hypermetabolism and increased

http://www.agsdus.org
http://www.apbdrf.org
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energy needs in children. Protein restriction is not recommended with
cirrhosis unless clinically significant hyperammonemia persists. The de-
velopment of ascites and portal hypertension necessitates sodium and
fluid restriction. Parenteral nutrition is frequently used to improve
growth and nutritional status prior to liver transplantation, despite
maximum enteral therapy in children. A cautious approach against ag-
gressive use of parenteral nutrition is recommended due to major risk
of associated hepatic disease. Steatosis due to excessive glucose, azote-
mia due to excessive protein, and hypertriglyceridemia and progression
of hepatic disease due to excessive lipids in the parenteral nutrition so-
lution are known complications. Enteral starvation is a critical factor in
the pathogenesis of total parenteral nutrition-related hepatic disease
and hence early initiation of enteral feedings is highly recommended.
There is limited evidence to show clinical benefit of using parenteral nu-
trition formulations high in branched-chain amino acids in hepatic dis-
ease. Use of a high-protein diet as a source of gluconeogenesis, a
bedtime snack, and tube feedings are other recommendations for he-
patic GSD IV to optimize growth and nutritional status prior to liver
transplantation. We recommend careful monitoring of glucose
levels in patients with severe liver dysfunction during an acute
decompensation.

Despite the mechanisms of hypoglycemia in GSD IV remaining un-
clear, the use of nutrition therapy in hepatic GSD IV has been described.
Goldberg and colleagues described one 18-month-old male with he-
patic GSD IV who, prior to receiving a liver transplant, received a diet
high in protein and low in carbohydrates; he showed improved growth
andweightwith stable liver function [168]. Fasting-induced hypoglyce-
mia has been reported with the progression of cirrhosis in hepatic GSD
IV. Two patients with hepatic GSD IV and asymptomatic fasting hypo-
glycemia by age 13 months were treated with frequent feedings, addi-
tion of uncooked cornstarch (UCCS), and overnight feedings with the
goal of maintaining normoglycemia and adequate nutrient intake [81].
This nutrition management was shown to improve fasting tolerance,
growth, muscle strength, and improve liver function [81]. After several
months of dietary therapy, one of these patients began refusing feedings
then deteriorated, ultimately dying from esophageal hemorrhage at age
22 months. In the remaining patient, liver function was maintained
until liver transplantationwas successfully performed at age 17months.
An additional case report of a patient with hepatic GSD IV described im-
provement of liver size, growth, and liver function with a high-protein
and carbohydrate-restricted diet; the patient was 17 years old at the
last follow-up, with a normal sized liver and no evidence of liver func-
tion abnormalities [78]. A retrospective, observational, longitudinal
case series of 15 patients with GSD IV reported efficacy of high-
protein diets, use of UCCS, late night meals, and overnight tube feeding
in improving clinical and biochemical outcomes and delaying or pre-
venting liver transplantation [40]. However, detailed and objective
data on hypoglycemia and ketone levels in the context of hepatic and
neuromuscular involvement severity is needed to support these conclu-
sions and establish universal dietary recommendations for all patients
with hepatic GSD IV.Whether a supplemental cornstarch diet can be as-
sociated with favorable outcomes remains an open discussion [40].

All patients, regardless of age, should be followed by a metabolic di-
etitian who can provide individualized dietary recommendations. Die-
tary treatment should be individualized based on the specific patient's
condition and stability and should aim to avoid catabolism and prevent
polyglucosan formation. Considerations for dietary treatment include
growth parameters, liver disease severity, extent of dysphagia and abil-
ity to swallow, urinary incontinence, gastrointestinal symptoms, and se-
verity of pressure wounds. If the patient has dysphagia, food texture,
consistency, and fluid intake need to be adjusted appropriately and a
speech-language pathologist should be consulted for management.
The main consideration for nutrition care is maintenance of healthy
body weight while maintaining a nutrient-rich diet with inclusion of
complex carbohydrates (low glycemic index) and limitation of simple
carbohydrates (high monosaccharide content). In all patients with
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GSD IV, including APBD, limiting total and simple carbohydrates is con-
sidered to be beneficial to prevent accumulation of abnormally formed
glycogen (polyglucosan). Glucose levels should be monitored on an in-
dividual basis. For patients with a history of hypoglycemia and/or hy-
perglycemia, continuous glucose monitoring systems are useful in the
management ofmetabolic control. The safety and efficacy of a ketogenic
diet or intermittent fasting in GSD IV have not been described. There is
no data on the impact of breastfeeding or infant formula on GSD IV pro-
gression; unless otherwise contraindicated, infants should be breastfed
or provided standard infant formula according to the American Acad-
emy of Pediatrics [169] and WHO policy recommendations to support
growth and development. Considerations for the nutrient composition
of foods for infants transitioning to solid foods should be directed by a
metabolic dietitian. Additional research into the prevalence andmecha-
nisms of hypoglycemia, aswell as the use of dietary treatment inGSD IV,
is critically needed.

NUTRITION RECOMMENDATIONS

• All patients with GSD IV, including APBD, should receive individualized dietary
recommendations based on the individual patient's condition and stability as
directed by a metabolic dietitian.

• Dietary treatment should ensure maintenance of healthy body weight while provid-
ing a nutrient-rich diet with inclusion of complex carbohydrates (low glycemic
index) and limitation of simple carbohydrates (high monosaccharide content). Lim-
iting total and simple carbohydrates is considered to be beneficial to prevent accu-
mulation of polyglucosan.

• Considerations for dietary treatment include growth parameters, liver disease
severity, extent of dysphagia and ability to swallow, urinary incontinence, gastroin-
testinal symptoms, and severity of pressure wounds.

• The mechanisms contributing to energy deficits and/or hypoglycemia in GSD IV,
including APBD, remain unclear.

Additional recommendations for patients with liver disease:

• Protein restriction is not recommended with cirrhosis unless clinically significant
hyperammonemia persists.

• Supplementation of fat-soluble vitamins is indicated in cases with cholestasis.
• Development of ascites and portal hypertension necessitates sodium and fluid
restriction.

• Parenteral nutrition is frequently used to improve growth and nutritional status
prior to liver transplantation, but an aggressive approach should be used with cau-
tion due to major risk of parenteral nutrition-related hepatic disease.

• Use of high-protein diet as a source of gluconeogenesis, a bedtime snack, and tube
feedings are recommended to optimize growth and nutritional status prior to liver
transplantation.

• Glucose levels should be carefully monitored during an acute decompensation in
patients with severe liver dysfunction.

5.12. Medication and supplement considerations

Patients and/or their families should be encouraged to notify their
medical providers and pharmacies of all medications and supplements
to monitor for any potential drug interactions or medications contrain-
dicated due to their condition.

In individuals with hepatic disease, particularly those with hepatic
insufficiency, hepatotoxic medications and supplements should be
avoided. Alcohol should not be consumed and commonly used medica-
tions for teenage patients, including vitamin A derivative-containing
acne medications and estrogen-containing oral contraceptives, should
be avoided. Other common medications known to cause drug-induced
liver injury are acetaminophen, antibiotics (minocycline, rifampin, iso-
niazid, rifampin, amoxicillin/clavulanic acid), antiepileptic drugs
(valproates), and chemotherapy agents (methotrexate, asparaginase,
etc.). When necessary, liver function tests should be closely monitored.
Considerations for parenteral nutrition composition are included in
Section 5.11. In patients with advanced liver dysfunction, the dose of
benzodiazepines needs to be minimized due to impaired hepatic clear-
ance. Medications impairing blood coagulation (i.e., Warfarin, non-
steroidal anti-inflammatory drugs, and aspirin) should be avoided in
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patients with portal hypertension with thrombocytopenia and esopha-
geal varices. For patientswith a history of hypoglycemia and/or elevated
ketones, β-blockers should be used with caution due to their potential
to mask symptoms of hypoglycemia. For patients who have received a
liver transplant, choice of steroids and immunosuppressants need care-
ful consideration as steroid- and tacrolimus-induced hypertension can
cause deterioration of heart function.

In individuals with neuromuscular involvement, potentially
myotoxic medications, including statins, antipsychotic medications, an-
tidepressants, neuroleptics, and certain general anesthetic agents
should be used with caution and with closemonitoring with laboratory
studies, particularly ALT, AST, and CK. Patients taking these medications
should be instructed to inform their medical provider immediately or
seek urgent medical attention if they develop any signs of rhabdomyol-
ysis, includingmuscle pain/cramps, spasms, or darkening of urine.Med-
ications that affect muscle strength, i.e., muscle relaxers, should also be
used in caution in individualswithmuscular involvement. In individuals
with significant cardiac disease, medications that may affect cardiac
function/rhythm should be prescribed in consultation with a pharma-
cist and/or cardiologist. Limited evidence on specific surgical and anes-
thesia considerations for GSD IV, including APBD, is available [192], and
an anesthesiologist, ideally one familiar with metabolic disorders,
should be consulted prior to any surgery.

5.13. Additional medical considerations

All patientswithGSD IV, including APBD, should have a primary care
physician (PCP) who is familiar with the disease and comfortable com-
municating with the other providers on the patient care team. The PCP
should manage any non-GSD IV related medical issues and illnesses,
perform routine physical examinations, and provide appropriate immu-
nizations to the patient. Routine immunizations should be provided to
the patient by the PCP as recommended by the Centers for Disease Con-
trol and Prevention (CDC) (http://www.cdc.gov/vaccines/recs/
schedules/default.htm). Of particular importance, Hepatitis A and B vac-
cinations should be provided to the patient, given the significant risk of
liver disease in this patient population. All adult patients with GSD IV,
including APBD, are advised to receive a hepatitis titer test that includes
immunity testing for Hepatitis A and B. Live vaccines of mumps, mea-
sles, rubella, and varicella-zoster (MMRV) are recommended as soon
as age-applicable (and prior to liver transplantation) because they are
contraindicated post-liver transplantation.

Age-matched height and weight and weight/height ratio should be
monitored closely. Alternative methods of measurement of height/re-
cumbent lengthmay be indicated in individuals with contractures; seg-
mental measurements, including upper arm length, ulnar length, knee
height, and tibial length, are used as proxymeasurements for height/re-
cumbent length in individuals with other neuromuscular conditions,
such as cerebral palsy and Duchenne muscular dystrophy, and can be
used as necessary in individuals in whom accurate height/length mea-
surements cannot otherwise be obtained [170]. For children, the PCP
should alsomonitor childhood development and achievement of devel-
opmental milestones, particularly in individuals with musculoskeletal
involvement. Changes in growth trends should be evaluated carefully
as this may indicate nutritional deficiencies (insufficient caloric or pro-
tein intake, deficiencies of nutrients including fat-soluble vitamins) or
worsening of disease state, particularly for cirrhosis in childrenwith he-
patic GSD IV.

Good dental hygiene and frequent monitoring of dental health by a
dentist should also be encouraged, particularly in individuals with car-
diac disease. Annual vision exams should be performed to screen for
changes in vision or dysfunction related to neuro-ophthalmologic in-
volvement. Patients can wear a medical alert bracelet to alert others to
their diagnosis if need arises. Monitoring of bone density with X-ray-
based bone density scans (DEXA, DXA) are recommended, particularly
for individuals with myopathy. In addition to risk for repeat
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hospitalizations for pressure wounds and UTI in APBD, hospitalizations
due to aspiration pneumonia and related complications are common,
and patients should be routinely screened for dysphagia given the risk
of silent aspiration and subsequent infection.

During times of surgery, infections, or other intercurrent illnesses,
the patient's metabolic genetics clinic should be contacted in advance
to providemanagement recommendations. There is theoretical concern
that pregnancy could cause unmasking of neuromuscular and motor
manifestations in GSD IV, including APBD (e.g., weakness during
labor), though there have been no reports of obstetric concerns in
these populations. There has also been no report of GSD IV-related im-
pact on renal or hematologic function.

ADDITIONAL MEDICAL RECOMMENDATIONS

• All individuals with GSD IV, including APBD, should have a PCP.
• Routine immunizations should be given as recommended by the CDC.
• Hepatitis A and B vaccinations should be provided to all individuals affected by GSD
IV, including APBD, given the risk of liver disease. Adult patients are advised to
receive a hepatitis titer test.

• Age-matched height and weight and weight/height ratio should be monitored
closely.

• Good dental hygiene and routine dental health monitoring is advised.
• Annual vision exams should be performed to screen for vision changes or dysfunc-
tion.

• Monitoring of bone density is recommended, particularly for individuals with
myopathy.

• Individuals with APBD should be routinely screened for dysphagia given the risk of
silent aspiration and subsequent infection.

6. Research and community resources

Resources are available to support affected individuals, medical pro-
fessionals, and researchers (Table 4).

7. Knowledge gaps and future research directions

Multiple GSD IV cell and animal models have been developed and
discovered which facilitate understanding of GSD IV natural history as
well as the potential of preclinical management and therapeutic tech-
niques. Details on eachmodel are included in the SupplementaryMate-
rial S1.

The prevalence of dysautonomia in GSD IV, particularly in APBD, is
not well understood. APBD patients have anecdotally reported signs
and symptoms of autonomic dysfunction including orthostatic hypo-
tension, drops in blood pressure, rapid changes in body temperature,
and distal edema, yet these signs remain underreported [85,92,171]; ad-
ditional research on the prevalence of dysautonomia in APBD is needed.
Similarly, the impact of polyglucosan body deposition on vision quality
requires further research. Anecdotally and briefly in the literature
[7,152–155], complaints of vision loss or vision dysfunction has been re-
ported. Research into the mechanisms responsible for the vision alter-
ations, such as optic nerve atrophy or occlusion, is warranted.
Moreover, reports of chronic and progressive pain have been noted in
APBD, and additional research is needed to understand the pathology
so that appropriate management and treatment techniques can be ap-
plied. Lastly, it is unclear if there are specific nephrology or hematology
considerations for GSD IV. Limited reports of reticuloendothelial system
(RES) involvement have been noted in those patients with GSD IV and
primarily hepatic involvement [88]; additional research into the preva-
lence of RES in GSD IV is warranted. Additional natural history research
is critical to better understand the disease progression and clinical spec-
trum of GSD IV, including APBD. Research on the mechanisms responsi-
ble for the neurologic, urologic, autonomic, and gastrointestinal
manifestations, as well as the potential of dietary therapy, is needed.

The extent to which glucose metabolism and/or blood glucose con-
trol is altered in GSD IV, including APBD, is unclear. Additional research

http://www.cdc.gov/vaccines/recs/schedules/default.htm
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Table 4
Useful research and community resources for individuals affected by glycogen storage disease type IV (GSD IV), including the adult-onset form adult polyglucosan body disease (APBD), as
well as medical professionals and researchers.

Resource Title Description/Website

Natural history studies, patient
registries, and biorepositories

GBE Deficiency (GSD IV and APBD) Natural
History Study

A repository of clinical, laboratory, and biochemical information on individuals with GSD IV,
including APBD. This information will allow a more definitive description of GBE deficiency to
be developed, which will permit development of treatment strategies for this disease.
http://clinicaltrials.gov/ct2/show/NCT02683512

Columbia University APBD Registry (CAP)
The APBD registry is a database designed to store medical and contact information about
patients with APBD, as well as their family members.

Myelin Disorders Biorepository Project
(MDBP)

The MDBP collects and analyzes clinical data and biological samples from leukodystrophy
patients worldwide to support ongoing and future research projects. http://clinicaltrials.
gov/ct2/show/NCT03047369

Websites⁎

APBD Research Foundation http://www.apbdrf.org
Association for Glycogen Storage Disease
(AGSD)

http://www.agsdus.org

National Organization for Rare Disorders
(NORD)

http://www.rarediseases.org

Association for Glycogen Storage
Disease-United Kingdom (AGSD-UK)

http://www.agsd.org.uk

Genetic and Rare Diseases (GARD)
Information Center

http://rarediseases.info.nih.gov/

Metabolic Support UK http://www.metabolicsupportuk.org

News Releases
APBD Patient-Led Listening Session with
the Food and Drug Administration (FDA)

http://www.apbdrf.org/wp-content/uploads/2021/11/FDA-listening-Session-Summary-FINAL.pdf

Conferences

International Glycogen Storage Disease
Annual Conference

http://www.agsdus.org

Annual AGSD Conference http://www.agsdus.org
Annual APBD Scientific & Community
Conference

http://www.apbdrf.org

The list was updated in December 2022 and is not considered to be comprehensive.
⁎ Some GSD support groups offer social media groups in their local languages.
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onmechanisms that could cause dysregulation of glucosemetabolism is
needed and should include: (1) the extent to which polyglucosan accu-
mulation and/or reduction of GBE activity compromises cell functional-
ity and/or capacity to synthesize glycogen (polyglucosan) efficiently,
(2) the efficiency to which glycogenolytic enzymes can access and de-
grade polyglucosan, and (3) the impact of polyglucosan accumulation
on hepatocyte ability to mobilize and release free glucose to maintain
euglycemia. Additionally, researchers should consider the extent to
which proteolysis could compensate for reductions in available glucose
in the liver by upregulating gluconeogenesis, particularly in individuals
with muscular involvement in which myopathy could induce catabolic
proteolysis.

The role of neuroinflammation in the underlying pathogenesis of
APBD is not fully elucidated. Given the lack of blood-brain barrier break-
down evident on MRI and neuropathology, it is not likely that invading
peripheral immune cells play a significant role in CNS and PNS damage.
Instead, neuroinflammation in APBD ismost likely “compartmentalized”
[172] within the nervous systems – mediated by Schwann cells in the
PNS and microglia and astrocytes in the CNS. Neuropathology of APBD
shows that polyglucosan bodies accumulate in axons, as well as inside
astrocyte [144,145,155] and Schwann cell [69] processes. In the healthy
brain, astrocytes are a significant source of glycogen and provide meta-
bolic substrates to neurons, myelinated axons, and oligodendrocytes
(the cells that make myelin) [173]. The diffuse white matter damage
identified on brain MRI in APBD [27] likely reflects disruption of this
pathway, causing oligodendrocyte and myelin loss [155] leading to axo-
nal degeneration [174] (Supplementary Fig. S1); however, the “reactive”
astrocyte response in APBD needs to be better defined [175]. Microglia,
the innate immune cells of the brain [176], should participate in both
short- and long-term response to white matter damage to oligodendro-
cytes, axons, and astrocytes (perhaps similar to MS pathology [177]);
this requires further investigation in APBD. As an initial step to better un-
derstand when and how white matter damage occurs in APBD, it is rec-
ommended to obtain a brain MRI to identify presence of white matter
lesions, and to perform surveillance brainMRIs to determine progression
over time. Additional research on the effect of altered glucose metabo-
lism on the CNS and PNS in the setting of GSD IV is needed.
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In light of the enzyme and gene replacement strategies that are ei-
ther approved or under active development for other subtypes of
GSDs and other neuromuscular diseases, it is scientifically feasible to de-
velop similar therapies for GSD IV and performpreclinical testing on cel-
lular and animal models of the disease. Restoration of GBE activity and
the GBE/GYS ratio are considered to be valuable indicators of disease
correction and are desired therapeutic strategies. Alternative therapies
including those that decrease glycogen synthesis by reducing GYS activ-
ity or increasing lysosomal glycogen degradation are potential avenues
for preventing, or possibly even reversing, disease progression
[178,179,193]. Additional investigations in the GSD IV mouse and pa-
tient cell models are evaluating the efficacy of antisense oligosaccha-
rides for correcting GBE1 mutations and the potential of gene therapy
to restore GBE activity [180]. Lastly, small molecules including guaiacol
(a GYS inhibitor) and 144DG11 (a facilitator of auto-lysosomal glycogen
degradation through enhanced autophagy) are being investigated for
their function in reducing polyglucosan [181,182].

Despite the advancements in various treatment approaches, a sensi-
tive and specific biomarker of disease progression (or regression) has
not been identified in patients with GSD IV. Diffuse reticuloendothelial
injury can be observed in patients with hepatic and neuromuscular in-
volvement, and raised chitotriosidase is a non-specific marker that is
often seen in chronic liver diseases with macrophage activation; there
are previous reports of children with GSD IV who had high
chitotriosidase levels [63,183,184]. Urinary glucose tetrasaccharide
(Glc4, also referred to as Hex4) excretions have been studied in several
GSD types. Glc4 is a degradation product of glycogen and other similar
branched chain starches, such as amylopectin, and it is synthesized by
the glycolytic activity of salivary and pancreaticα-amylases and neutral
α-1,4-glucosidase activities [185,186]. Glc4 is associated with increased
glycogen storage in both liver andmuscle [186–188], and has been pro-
posed as a marker of metabolic control in GSD IV, including APBD. The
utility of urine Glc4 in GSD IV is unclear, with reports finding both nor-
mal and elevated Glc4 concentrations in patients with GSD IV [189].
Therefore, long-term systematic studies are needed.

Ideally, a serum or plasma biomarker as well as a noninvasive tool to
monitor polyglucosan bodies or glycogen contentwould be identified to

http://clinicaltrials.gov/ct2/show/NCT02683512
http://clinicaltrials.gov/ct2/show/NCT03047369
http://clinicaltrials.gov/ct2/show/NCT03047369
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http://www.agsdus.org
http://www.rarediseases.org
http://www.agsd.org.uk
http://rarediseases.info.nih.gov/
http://www.metabolicsupportuk.org
http://www.apbdrf.org/wp-content/uploads/2021/11/FDA-listening-Session-Summary-FINAL.pdf
http://www.agsdus.org
http://www.agsdus.org
http://www.apbdrf.org
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monitor disease progression or treatment success. Translation to human
clinical trials will present a challenge due to the ultra-rare occurrence of
the disease. Primary outcome measures for such clinical trials may in-
clude length of survival and the need for mechanical ventilation.
Novel biostatistical approaches to help conduct rigorous analyses of
small cohorts and evolution of FDA clinical trial requirements for
ultra-rare diseases will help translate novel therapies into the clinic in
the future. Several other diseases, including GSD types VII (Tarui dis-
ease) and XV (polyglucosan body myopathy type 2), RBCK1 deficiency
(polyglucosan body myopathy 1), PRKAG2 syndrome, Danon disease,
and Lafora disease, are caused by accumulation of poorly branched gly-
cogen or polyglucosan accumulation, and therefore will likely benefit
from similar treatment approaches and biomarker development.
8. Conclusion

GSD IV is an ultra-rare autosomal recessive disease caused by vari-
ants in GBE1 which results in reduced or deficient GBE activity. GSD IV
is a clinically heterogeneous disorder associatedwith a range of hepatic,
neurologic,muscular, and/or cardiacmanifestations thatmay present in
utero, during infancy, childhood, or adolescence, as well as in middle to
late adulthood as APBD. Diagnosis of GSD IV at any point in the lifespan
is established through identification of biallelic pathogenic variants in
GBE1. If molecular testing is inconclusive, reduction or deficiency of
GBE activity through enzymology, in conjunctionwith clinical presenta-
tion consistent with the disease, will confirm the diagnosis. Tissue bi-
opsy typically reveals PAS-positive cellular inclusions that are resistant
or partially-resistant to diastase (polyglucosan), though these histolog-
ical findings are not sufficient for diagnosis. Tissue selection for biopsy
should be based on presenting symptoms and suspected affected tissue.
Longitudinal, multidisciplinary follow-up is essential for all patients, re-
gardless of age, and should include experts in medical genetics,
hepatology, neurology, physical rehabilitation, cardiology, behavioral
psychology, urology, and nutrition.
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