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Abstract

Inborn errors of metabolism (IEM) account for only 5% of all pediatric cardiomyopathy and 15% of
those with known causes, but they are of particular interest to clinicians because many have disease-
specific treatments. More than 40 different IEM involving cardiomyopathy exist, including fatty acid
oxidation defects, organic acidemias, amino acidopathies, glycogen storage diseases, and congenital
disorders of glycosylation as well as peroxisomal, mitochondrial, and lysosomal storage disorders.
Most IEM present in infancy or early childhood with signs and symptoms of multi-organ system
dysfunction. Except for mitochondrial disorders, each IEM is generally associated with one
functional type of cardiomyopathy by echocardiography. Disease pathophysiology may include
infiltration of cardiac myocytes with stored substrate, impaired energy production, and/or production
of toxic intermediary metabolites. Although the diagnosis of an IEM often is evident from certain
key clinical, laboratory, and biopsy findings, underdiagnosis is likely because of the lack of a
systematic clinical approach to diagnosis and inadequate diagnostic testing. Dietary modification,
avoidance of fasting, and anticipatory management during times of stress are the mainstays of
treatment for most “small molecule” diseases, whereas treatment options for mitochondrial diseases
remain limited and primarily involve vitamin supplements. Several lysosomal storage disorders are
now treatable by enzyme replacement therapy and/or bone marrow transplantation. Newborn
screening using tandem mass-spectrometry offers the potential for presymptomatic diagnosis and
early treatment for a growing number of IEM, which will likely change their prevalence and natural
history of cardiomyopathy.
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Introduction

Pediatric cardiomyopathy has a number of different causes, including both genetic and non-
genetic, which poses a formidable diagnostic challenge to clinicians.(1-3) Identification of the
underlying causes of cardiomyopathy may lead to improved outcomes with disease-specific
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treatments. This review will focus on the specific group of genetic disorders, the inborn errors
of metabolism (IEM), that cause cardiomyopathy. Most IEM are caused by defects in enzymes
involved in intermediary metabolism (i.e., the breakdown of proteins, lipids, and
carbohydrates) or energy production (e.g., oxidative phosphorylation). Many of the IEM are
currently treatable using approaches that target the underlying pathophysiology of the disorder,
and not surprisingly, in many cases the cardiomyopathy may be reversed. Topics covered in
this article include the epidemiology, genetics, causes, pathophysiology, clinical presentations,
diagnosis, and treatment of IEM.

Epidemiology and Genetics of Inborn Errors of Metabolism

Inborn errors of metabolism (IEM) occur in approximately 1 in 4000 newborns and comprise
more than 1000 distinct disorders in the Online Mendelian Inheritance of Man database
(www.omim.org). IEM generally present during childhood, most often in the immediate
neonatal period, but also through the first two of life when growth is rapid and the body’s
energy demands are high. Approximately 5% of IEM are associated with cardiomyopathy. In
some IEM, cardiomyopathy dominates the clinical picture and is a major cause of death,
whereas in others it may be an incidental finding discovered during a multisystem evaluation.
Rarely is the heart the only affected organ, as described in cardiac phosphorylase kinase
deficiency and certain mitochondrial disorders.

Most IEM are inherited in an autosomal recessive manner in which affected individual
possesses two defective copies of a gene, one inherited from each parent. The genetic defect
renders the enzyme completely inactive or to have only small amounts of activity. Once a
couple has an affected child, their recurrence risk is 25% with each future pregnancy. In
addition to being able to optimally treat the affected child (proband), knowing a specific
diagnosis is important for accurate genetic counseling, family planning, prenatal diagnosis,
and the screening of younger and often presymptomatic siblings.

Only a few IEM that cause cardiomyopathy are X-linked. These disorders are associated with
a preponderance of affected males, and often there is a history of affected uncles and
grandfathers on the maternal side of the family that appears to skip the female generations.
Some follow a classic X-linked recessive pattern such that affected females have never been
seen (e.g., Barth syndrome) or have been reported only under exceptional circumstances
(e.g., Mucopolysaccharidosis 11 (MPS I1), also known as Hunter syndrome). The few described
cases of females with MPS 1 have been due to skewed X-inactivation or a structurally abnormal
X chromosome. In contrast, a high proportion of females are affected in Fabry and Danon
diseases. Although their symptoms are typically milder and present later as one would expect
with random X-inactivation, females can have symptoms as severe as in males. Finally,
mitochondrial disorders may be caused by mutations in nuclear genes and have autosomal
recessive inheritance or be caused by mutations in mitochondrial DNA that are passed on only
through the mother (matriarchal inheritance). Only the egg contributes mitochondria to
offspring, and within each egg there may be a population of mitochondria containing normal
DNA and another containing a mutation. The mitochondria containing the DNA mutation may
be distributed among tissues in different proportions (heteroplasmy) in the child, leading to
highly variable disease manifestations and overall severity.

IEM Causes of Cardiomyopathy

The Pediatric Cardiomyopathy Registry (PCMR) has improved our understanding of the
various causes and frequencies of cardiomyopathy in children. (2,4-7) The retrospective arm
of the PCMR collected data on 916 children diagnosed with cardiomyopathy from 1990-1995
in the United States and Canada. Two-thirds of these children had an unknown cause for their
cardiomyopathy and were classified as having idiopathic disease (Figure 1). The remaining
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one-third of cases was diagnosed with myocarditis (29.1%) or a variety of genetic causes,
including familial isolated cardiomyopathy (24.2%), neuromuscular disease (22.2%), IEM
(15.4%), or genetic syndrome (8.8%). Thus, approximately 5% of all cases of cardiomyopathy
and 15% with known causes were due to an IEM.

Frequencies of Known Causes of Cardiomyopathy

Since cardiomyopathy is usually diagnosed by echocardiography, the categories of known
causes seen in the retrospective arm of the PCMR are presented by functional type of
cardiomyopathy (Figure 2). IEM accounted for 26.8% of known causes of hypertrophic
cardiomyopathy, 6.8% of cases of dilated cardiomyopathy, 0% of restrictive cardiomyopathy,
and 26.9% of mixed/other type of cardiomyopathy. Among children with hypertrophic
cardiomyopathy, all four broad genetic categories were equally prevalent at approximately
25% each, and there were no cases of myocarditis. In contrast, myocarditis accounted for more
than 50% of the known cause of dilated cardiomyopathy, and among the mixed/other type
group, was equally prevalent with inborn errors of metabolism, trailing only familial isolated
causes. These data demonstrate that the most common adaptive response of the heart in IEM
is hypertrophy, with or without dilatation.

Inborn Error of Metabolism Disease Groups

The IEM that cause cardiomyopathy can be grouped into several categories according to the
accumulated substrate or the affected organelle (Table 1). With the exception of mitochondrial
disorders, each IEM is generally associated with a specific functional type of cardiomyopathy
by echocardiography, which helps to limit the differential diagnosis. Drawing on data from the
retrospective arm of the PCMR, nearly half the cases of hypertrophic cardiomyopathy caused
by IEM were due to glycogen storage diseases, most commonly Pompe disease, a lysosomal
storage disorder caused by a deficiency of the a-glucosidase. The classical infantile form of
Pompe disease usually presents in the first few months of life with hypotonia, muscle weakness,
an enlarged tongue, and congestive heart failure. The ECG characteristically reveals a short
PR interval with tall QRS waves. The cardiac silhouette is massively enlarged and the heart is
extremely thickened (left ventricular mass Z-score > 6). Left ventricular outflow tract
obstruction may be present. Untreated, children typically die by 12 months of age.
Approximately 10% of infants with Pompe disease have mild cardiomyopathy and severe
skeletal myopathy. These children with “non-classical infantile Pompe disease” may survive
for several years.

Fatty acid oxidation defects, most commonly VLCAD and LCHAD deficiencies, and oxidative
phosphorylation defects each accounted for approximately 25% of IEM in the retrospective
arm of the PCMR. Within the dilated cardiomyopathy group, oxidative phosphorylation defects
and systemic carnitine deficiency were the most common causes, accounting for 40% of cases
each. The mitochondrial syndromes MERFF (myoclonic epilepsy with ragged red fibers),
MELAS (mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes), and
Kearns-Sayre syndrome affect the synthesis of multiple mitochondrial proteins and respiratory
chain complexes, but single gene defects in respiratory chain proteins also may cause
cardiomyopathy.

Within the mixed/other group, oxidative phosphorylation defects accounted for 70% of cases,
several of whom were boys with Barth syndrome. This condition is thought to be due to a

defect in the remodeling of cardiolipin, an unusual lipid with four linoleic-acyl chains that is
localized almost exclusively to the inner membrane of mitochondria, where it binds to the

respiratory chain complexes and is important for oxidative phosphorylation. This condition is
likely under-diagnosed. Classic features include endocardial fibroelastosis, neutropenia with
frequent infections, skeletal myopathy, growth retardation, abnormal-appearing mitochondria
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in biopsies, and 3-methylglutaconic aciduria. However, some boys may only have dilated

cardiomyopathy without other systemic findings. Although the cardiomyopathy may be very
severe during infancy, it often responds well to standard cardiac medications. In the past, many
boys died of infection or cardiomyopathy by age 3, but today, many have entered their teens.

Pathophysiology

The IEM that cause cardiomyopathy may be classified by their non-metabolizable,
accumulated substrate or by the affected organelle (Table 1). The named substrate disorders
include fatty acid oxidation defects, carnitine transport disorders, organic acidemias, amino
acidurias, and glycogen storage diseases. The named organelle disorders include peroxisomal,
mitochondrial, and lysosomal storage disorders.

These disorders are thought to cause cardiomyopathy by three main pathophysiological
mechanisms that are not mutually exclusive. The first is by bulk storage and infiltration of
substrate, which can have a mechanical effect on cardiomyocyte functioning by disrupting the
alignment of myofibrils required for efficient contraction. These disorders involve large
macromolecules, i.e., triglycerides (fatty acid oxidation defects and carnitine transport
disorders), glycogen (hydrolysis), and lysosomal substrates (mucopolysaccharides,
oligosaccharides, glycolipids, and glycogen). Eventually, triglycerides and glycogen may
occupy a large amount of the cytoplasm, while the lysosomes become greatly increased in size
and number.

The second pathophysiologic mechanism is impaired energy production, which results in not
enough ATP to meet the needs of the cell. The main sources of energy in the heart are fatty
acids and secondarily glycogen. Both substrates are progressively broken down to release
hydrogen molecules, whose energy is extracted by the respiratory chain complexes in the
mitochondria and converted into ATP through oxidative phosphorylation. Patients who have
defects in oxidative phosphorylation are unable to efficiently make ATP from any energy
source. Muscle has high energy needs because each cell is packed with myofibrils that are
specialized for contraction. Hydrolysis of ATP by the myosin heads provides the force
necessary to slide the myosin-containing thick filaments past the actin-containing thin
filaments during sarcomere contraction. The adaptive response of the heart to inefficient
contraction is hypertrophy, which is why so many IEM are associated with hypertrophic
cardiomyopathy.

The third pathophysiologic mechanism is the production of toxic metabolites by organic
acidemias, amino acidurias, Refsum disease, and disorders of oxidative phophorylation. The
accumulated metabolites exert their deleterious effect by lowering the cellular pH (acids),
inhibiting intermediary metabolism (acyl-CoA), or oxidizing mitochondrial components such
as DNA, lipids, and proteins structures (free radicals).

Clinical Presentation and Approach to Diagnosis

With the exception of mitochondrial disorders, most IEM are associated with one functional
type of cardiomyopathy by echocardiography, which can help narrow down the differential
diagnosis (Figure 2). Most IEM present during infancy or early childhood. Diseases associated
with the storage of glycogen, fat, or lysosomal substrates generally cause hypertrophic
cardiomyopathy. Dilated cardiomyopathy is often caused by diseases associated with excess
acidic metabolites as in the organic acidemias, amino acidopathies, and systemic carnitine
deficiency. In the latter, the lack of carnitine leads to the accumulation of circulating acyl-CoA
species and a decrease in free CoA, which is required for intermediary metabolism.
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Cardiomyopathy may be the presenting or dominant clinical feature, but careful searching often
reveals other signs of a multisystemic disease as well as abnormal metabolites in blood and
urine. Clinical features may include a distinctive physical appearance (e.g., coarse facial
features, cloudy corneas, slow growth, and hepatosplenomegaly), neurologic findings (acute
or chronic encephalopathy, developmental delay, and seizures), myopathy (hypotonia and
weakness), skeletal findings (dysostosis multiplex), or liver dysfunction. In IEM that impair
energy production or produce toxic metabolites, congestive heart failure often occurs in the
setting of an acute metabolic decompensation triggered by energy stressors, e.g., illness,
surgery, infection, fasting, or physical exertion. These inciting events may confound the initial
presentation and suggest an alternative diagnosis for the cardiomyopathy, e.g., viral
myocarditis. As further described below, it is important to include laboratory testing of blood
and urine as part of the initial evaluation. The detection of certain basic laboratory
abnormalities, e.g., metabolic acidosis with an increased anion gap, hypoglycemia,
hyperammonemia, ketosis or lack thereof, or elevated liver function tests will often point the
clinician in the right direction to uncovering the underlying diagnosis.

Previously, we identified several key entry points to clinical diagnostic algorithms based on
clinical features and laboratory findings.(1) The algorithms most relevant to IEM include
encephalopathy (Figure 3), hypoglycemia (Figure 4), metabolic acidosis (Figure 5), and
neuromuscular symptoms (Figure 6). Acute encephalopathy is typically accompanied by
metabolic abnormalities in the blood, e.g., metabolic acidosis, hyperammonemia, and
hypoglycemia, which are characteristic of small molecule diseases, whereas chronic
encephalopathy is often associated with mitochondrial or lysosomal storage disorders. In the
former, an event such as an intercurrent iliness will often create a state of energy imbalance
that leads to ineffectual production of energy and an excess of toxic metabolites.

Hypoglycemiais often the result of ineffective fat metabolism, either from the inability to break
down triglycerides, fatty acids, or ketones. Thus, the presence or absence of ketones is a useful
starting point for evaluation. Patients with inappropriately low ketones in the setting of low
blood sugar (hypoketotic hypoglycemia) have an inability to break down triglycerides into
fatty acids and glycerol or to break down fatty acids into ketones through fatty acid oxidation.
The latter are associated with low insulin and high free fatty acid levels in blood, dicarboxylic
aciduria (from w-oxidation of fatty acids in peroxisomes), and low carnitine levels in blood.
A specific diagnosis is often suggested by the acylcarnitine profile in blood. The absence of
dicarboxylic acids points towards the inability of fatty acids to cross the plasma membrane
(systemic carnitine deficiency) or into mitochondria (Carnitine-palmitoyl transferase 11
deficiency). Extremely low carnitine levels (< 10 umol/L) are seen in systemic carnitine
deficiency.

The major diagnostic branch points for the evaluation of hypoglycemia involve the
measurement of ketones, insulin, free fatty acids, urine organic acids (including dicarboxylic
acids), and carnitine (total and free). These assist in the determination of whether the
hypoglycemia is associated with a defect in mobilizing triglycerides (overgrowth syndromes
and infant of a diabetic mother), the inability to convert fatty acids into ketones (fatty acid
oxidation defects or carnitine-transport defects), organic acidemias, or GSD Ill. Specific
diagnoses are often suggested by specific species identified on the blood acylcarnitine profile.

The major branch points for metabolic acidosis with an increased anion gap (> 15 mEg/L)
focus on determining the identity of the offending anion, which can be lactic acid, ketoacids,
more complex organic acids (propionic acid), or fatty acids. The different acids are
distinguished by direct measurement in blood by routine clinical testing (lactic, ketoacids, free
fatty acids) or by tandem-mass spectrometry as acylcarnitine derivatives. When the lactate
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level is increased, the lactate:pyruvate ratio (L:P) can help to distinguish pyruvate
dehydrogenase deficiency (L:P < 15) and oxidative phosphorylation defects (L:P > 25).

The neuromuscular symptoms that point towards an IEM are weakness/hypotonia beginning
in infancy and ataxia (Figure 6). Pompe disease is a major cause of “floppy baby syndrome”
and the hypotonia can be so severe that it can mimic spinal muscular atrophy. The diagnosis
of Barth syndrome is suggested in a male by the presence of neutropenia, a low cholesterol
level, and 3-methylglutaconic aciduria. Other metabolic diagnoses presenting with weakness/
hypotonia may be guided by laboratory testing and/or skeletal muscle biopsy. Ataxia is a
common feature in mitochondrial disorders and Refsum disease. The former is often associated
with chronic encephalopathy, cardiac conduction defects, and arrhythmias, whereas Refsum
disease is associated with deafness, atypical retinitis pigmentosa, and elevated plasma phytanic
acid levels.

The ideal time to diagnose IEM is in the first few days of life, prior to symptom onset, using
comprehensive newborn screening followed by confirmatory enzyme assay.(8,9) Tandem
mass spectroscopy has largely supplanted the Guthrie assays for newborn screening as it can
diagnose in a single test more than 40 different IEM on the basis of their characteristic
acylcarnitine and amino acid profiles. However, a negative newborn screen should not dissuade
the clinician from suspecting an IEM and repeating metabolic testing at a later time since certain
abnormal metabolites may not be elevated in the first two days of life (e.g., fatty acid oxidation
defects), and not all state laboratories screen for all detectable disorders. Furthermore, several
classes of IEM are unable to be diagnosed by current tandem spectrometry assays (e.g.,
glycogen storage diseases, oxidative phosphorylation defects, and lysosomal storage
disorders), although this will likely change in the near future with respect to certain lysosomal
storage disorders.(10)

Diagnosis of an IEM in a child presenting with cardiomyopathy requires thoughtful
investigation with respect to evaluation of the diagnostic metabolites, demonstration of
deficient enzyme activity in the appropriate cell type or bodily fluid, and occasionally, DNA
mutation analysis. For the IEM associated with excessive acid production, the best time for
testing is when the child’s metabolism is stressed and the underlying metabolic defects are
drawn out. Such times include congestive heart failure, infection, illness, post-surgery, fasting,
and during a metabolic decompensation (hypoglycemia, metabolic acidosis, acute
encephalopathy). At these times, it is good clinical practice to obtain extra serum and urine
samples to hold for future metabolic testing rather than waiting until the child is stabilized, as
some of the diagnostic metabolites may be transient or present in only small amounts.

While the detection of metabolites can be suggestive (e.g., increased urinary
glycosaminoglycans in the mucopolysaccharidoses and an elevated C14:1 acylcarnitine
species by tandem mass spectrometry in VLCAD deficiency), the gold standard for diagnosis
remains the enzyme assay. Many disorders can easily be confirmed by testing the level of
enzymatic activity in white blood cells, serum, or plasma, while others are more easily done
in cultured fibroblasts from a skin biopsy. However, the latter requires several weeks for
diagnosis, which has led to a push towards developing new assays in white blood cells. For
example, the enzyme assay for Pompe disease can now be reliably performed using a dried
blood spot on a newborn screening card, which shortens the turn-around time for diagnosis to
just a couple of days.(10,11) Dried blood spots have the added convenience of requiring only
a small volume of blood, enzyme stability at room temperature, and easy mailing to the
laboratory in an envelope.
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Despite the inroads made by newborn screening, IEM are under diagnosed in children due to
a lack of awareness that these disorders can cause cardiomyopathy and due to the lack of testing
to pursue an underlying cause. We recently showed that children with a known cause of
cardiomyopathy are much more likely to have undergone testing of blood, urine, and biopsy
specimens as part of their diagnostic evaluation (Table 2). For dilated cardiomyopathy,
metabolic urine testing was particularly useful as was endocardial biopsy for diagnosing
myocarditis. In hypertrophic cardiomyopathy, metabolic blood and urine testing and skeletal
muscle biopsy were significantly associated with establishing a known cause of
cardiomyopathy. A positive trend for endocardial biopsy also was seen, but too few patients
underwent this procedure. For patients suspected of having a mitochondrial disorder, skeletal
muscle biopsy is the gold standard for diagnosis as it can provide supportive pathologic findings
(e.g., ragged red fibers by Gomori trichrome staining and abnormal-appearing mitochondria
by electron microscopy) and confirm the deficiency of one or more respiratory chain
complexes.

Hypoglycemia and metabolic acidosis often correct quickly if an appropriate energy source,
usually glucose in the form of 10% dextrose, is provided along with intravenous fluids to flush
out the accumulated metabolites. If metabolic acidosis is present, treatment with carnitine will
help to replenish low free reserves, bind acidic compounds, liberate CoA from acyl-CoA
species, and help to restore intermediary metabolism.

For chronic treatment, there are also several guiding principles. The first is reducing the intake
of non-metabolizable substrates from the diet (e.g., branch chain amino acids in propionic
academia and long-chain fatty acids in VLCAD, LCHAD, and multiple acyl-CoA
dehydrogenase deficiencies). Similarly, avoidance of fasting, which causes the body to attempt
to break down its own endogenous stores of energy in the form of fat, glycogen, and protein,
some of which may not be metabolizable, is also important. During infancy, overnight fasting
beyond 6 hours should be avoided with a middle of the night feeding or continuous tube
feedings. After age 1, a cornstarch-supplemented drink at bedtime provides a slow release form
of glucose throughout the night. In some disorders, an alternative, metabolizable energy source
can be provided in the diet (e.g., medium chain triglycerides for long-chain fatty acid oxidation
defects). Certain dietary supplements can decrease secondary toxicity (e.g., antioxidants to
neutralize free radicals in oxidative phosphorylation defects, and carnitine to liberate CoA from
acylCoA compounds). In some cases, residual enzyme activity can be enhanced by the use of
pharmacologic doses of vitamin cofactors (e.g. biotin for propionic acidemia and riboflavin
for multiple acyl-CoA dehydrogenase deficiency).

Oxidative phosphorylation defects have been treated empirically with combinations of
antioxidants (e.g., water soluble [Vitamin C] and lipid-soluble [CoEnzyme Q10]) to help
prevent free radical damage. There are anecdotal reports of improvement following the use of
vitamins, but none have been subjected to formal clinical studies. Given the low risk, they are
often prescribed empirically upon diagnosis and then monitored for any potential clinical
effect.

Carnitine supplements are very effective for treating systemic carnitine deficiency, in which
carnitine is unable to be reabsorbed in the kidney. Treatment of dilated cardiomyopathy with
high doses of carnitine has produced dramatic improvement within a few days. Enzyme
replacement therapy has emerged as a treatment paradigm for several lysosomal storage
disorders that are associated with cardiomyopathy, including Gaucher disease, Fabry disease,
Pompe disease, and Mucopolysaccharidoses | (Hurler, Hurler-Scheie, and Scheie syndromes),
I (Hunter syndrome), and VI (Maroteaux-Lamey), and Pompe disease. In clinical trials,
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reduction of myocardial hypertrophy has been demonstrated for both Pompe disease and
Mucopolysaccharidosis | following enzyme replacement therapy. (12,13) Beneficial effects of
hematopoietic stem cell transplantation also have been seen in Mucopolysaccharidosis | and
V1.

Future Directions

Improving the outcomes of children with IEM will require timely diagnosis and the use of
disease-specific therapies. Newborn screening will continue to expand as new assays are
developed that use tandem mass spectrometry as the readout technology. A tandem mass
spectrometry assay for Pompe disease is currently undergoing pilot testing, and assays for other
lysosomal storage disorders are under development. The use of dried blood spots for metabolite
screening (amino acid and acylcarnitine profiles) and enzyme assays (Pompe disease) will
facilitate the early screening of at-risk populations with cardiomyopathy. The approaches to
replacing the missing enzymes will be disease-specific and achieved through the use of
recombinant enzymes, stem cells, organ transplantation, and gene therapy. The PCMR in the
United States, and others like it in Australia (3), are helping to define the epidemiology and
natural history of cardiomyopathy in children. This information will help to educate clinicians
and measure the impact of newborn screening and disease-specific therapies on outcomes,
including survival, quality of life, and cardiomyopathy.
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Figure 1.
Frequencies of Causes of Cardiomyopathy in the Pediatric Cardiomyopathy Registry,
1990-1995, N=916. CM, Cardiomyopathy; IEM, Inborn Error of Metabolism.
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Distribution of Causes by Type of Cardiomyopathy in the Pediatric Cardiomyopathy Registry,
1990-1995, N=916. CM, Cardiomyopathy; IEM, Inborn Error of Metabolism. Hypertrophic
Cardiomyopathy; DCM, Dilated Cardiomyopathy; HCM, RCM, Restrictive Cardiomyopathy;
MPS/OS, Mucopolysaccharidoses/Oligosaccharidoses; OxPhos, Oxidative Phosphorylation
Defects; FAOD/Carnitine. Fatty Acid Oxidation/Carnitine Transport Defects; AA/OA, Amino
Acidopathies/Organic Acidemias. A. All Causes. B. Inborn Errors of Metabolism.
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Figure 3.

Encephalopathy

Acute

*Initial laboratory

I

No

Clinical features
of mitochondrial
encephalomyopathy

y

Dysmorphic
Features

Other Coarse facial features,
Valvular heart disease,
\L Organomegaly,
Skeletal dysplasia,
See +/- Cloudy corneas
Dysmorphic J/
Iearun;s
_ (table 8, Elevated urine
Circulation 1996; Mucopolysaccharides
94:2021-38) or oligosaccharides by
thin-layer

studies €————————— recognizable
Brain MRI Syndrome
t Non-specifi Abnormal
or or brain MRI
metabolic acidosis normal results
Seo Muscle biopsy
Hypoglycemia and Evaluate for
Metabolic Acidosis mitochondrial disease
Algorithms
(figures 4 and 5) Abnormal Normal
MERRF syndrome
MELAS syndrome
. sb‘/?e 9” aﬁr’m;/ogy Tagle " Repeat Kearns-Sayre syndrome
(Table 9, Reference 5) ant laboratory Leigh disease
Neuromuscular Symptoms studies
Algorithm (Figure 6) when ill

*Initial laboratory studies:

Lysosomal storage di

y

Enzyme assay

Blood: electrolytes, BUN, creatinine, glucose, pH, ammonia, CBC with differential, lactate, pyruvate, AST, ALT, bilirubin, CK, uric acid, free fatty acids, ketones,

cholesterol, triglyceride, amino acids, camitine, and acylcamitines. Freeze 3 ml plasma for further studies.

Urine:  urinalysis, organic acids, amino acids, and acylglycines. Freeze 20 ml urine for further studies.

CSF: lactate, pyruvate, cell count, protein, glucose, and amino acids.

**Mitochondrial disease laboratory studies:

Blood: lactate, pyruvate, amino acids, and DNA for mitochondrial DNA point mutation analysis.

Urine:  amino acids and organic acids.
CSF: lactate, pyruvate, cell count, protein, glucose, and amino acids.

Muscle biopsy:  light and electron microscopy, respiratory chain enzyme assay, and mitochondrial DNA deletion and point mutation analysis.

Diagnostic Algorithm: Encephalopathy
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Non-diagnostic
pattern

l

Acute
illness in
normal child

Hypoglycemia
\2
Initial Laboratory Studies*
v v
Low or absent Moderate or high
ketones ketones
Urine
High insulin, Low insulin, Organic Acids
Low free fatty acids High free fatty acids
Hyperinsulinemic Defect in fatty
state acid metabolism
Beckwith-Wiedemann
syndrome High lactate
“Infant of a diabetic
mother
**Nesidioblastosis
See Dysmorphic
Features see

(Table 8, Reference 5) Metabolic
Acidosis
Algorithm
(Figure 5)

Defect in camitine-dependent
transport of long chain fatty acids
v
Low total and free camitine
characteristic acylcamitine profile Long chain acylcamitines, Nolong chain acylcamitines,
Vv low total camwliqg. very low total camnitine,

very low fr it low fr
VLCAD deficiency

LCHAD deficiency v
SCHAD deficiency CPTII Systemic primary
Glutaric acidemia, Type Il deficiency camitine deficiency
(infantile form)

| Confirm by enzyme assay and/or DNA mutation analysis

*Blood: electrolytes, BUN, creatinine, glucose, pH, ammonia, CBC with differential, lactate, pyruvate, AST, ALT, bilirubin, CK, uric acid, cholesterol, triglycerides, insulin,

ketones, free fatty acids, amino acids, camitine, and acylcamitine filter paper spot. Freeze 3 ml plasma, for further studies.

Urine:  urinalysis, organic acids, amino acids, and acylglycine. Freeze 20 ml, for further studies.
**Non-genetic differential diagnosis

Figure 4.
Diagnostic Algorithm: Hypoglycemia
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Metabolic Acidosis with an Increased Anion Gap
\2

Initial Laboratory Studies*

32 v v v
High High lactate and Normal to high Low or absent ketones,
lactate Kketones ketones high fee faty acids
|
v v v
Male, neutropenia, Congental Lactate:pyruvate High uric acid, Characteristic
Tow cholesterol, cataracts, ralio hepatomegaly, gloyogen utine organic acid
high exercise-nduced debrancher enzyme and acyiglycine
acid Tactic acidemi deficiency pattems
\ v v
Propionic acidemia Defectof faly acid
Barth Sengers s Type Methymaloric acidemia metabolism
Syndrome Syndrome P B ketothiolase See Hypoglycemia
deficency Algorthm (Figure 4
32 v
Normal High
(<15:1) (25:1)
Glucose load study Persistent actic Transient
Abnormal Nomal ———— Endocardl
v skeletal muscle
Pyruvate biopsy Poor perfusion
dehydrogenase or
deficency Ischemia

Evaluate for mitochondrialrespiratory chain abnormaliy by
pathology (see Table 8, Reference 5), enzyme assay andior
mitochondrial DNA mutation analysis

*Blood:  electrolytes, BUN, creatinine, glucose, pH, ammonia,CBC with differentil, lactate, pyruvate, AST, ALT, bilirubin, CK,
uric acid, cholesterol, tighycerides, ree faty acids, ketones, amino acids, camitine, fiter paper spot for acylcamitine. Freeze 3 mi plasma for further studies,
Urine:  urinalysis, organic acids, amino acids, acylglycine. Freeze 20 i for further studies,

Figure 5.
Diagnostic Algorithm: Metabolic Acidosis with an Increased Anion Gap
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Neuromuscular Symptoms

!

Congenital hypotonia
or muscle weakenss
beginning in infancy

)

Muscle weakness
beginning after infancy

Male, neutropenia, Myotonic
low cholesteral, high  dystiophy DNA
Fmethylglutaconicacid  mutation

Large tongue, ECG with short PR
interval, giant QRS voltage, acid

Proximal or generalized  Proximal and b girdle  Scapulo-peroneal
) , calf ,
CK < 10x normal pseudo-hypertrophy,  contractures of neck,
CK> 10x normal elbows and ankles
Laboratory screens
for inbom errors.

of metabolism* Emerin or
Male  Female Lamin A/C mutation

v

Dystrophin gene
deleton analysis
(blood)

!

Ataxia

l

Myotonia

Myotonic dystrophy
DNA mutation

Myotonic dystrophy

malase enzyme deficiency J 13 P‘”W""e Negatve Sensory neuropathy  Deafness, atypical  Encephalopathy
o Nondisgnoti peroneal weakness  refiis pigmentosa  or high lctate n
Hypoglycemia and pattern Duchenne v v CsF
Metabolic Acidosis or Becker
Algorithms muscular Friedreich ataxia | Phytanic acid level
(Figures 4 and 5) dystrophy
Elevated Normal
v
Muscle biopsy of afected
\2 v v Evaluate for mitochondrial
Congental myopathy Neutral fa, glycogen or jscase
Muscular dysirophy Centronuclear myopathy ‘abnormal mitochondia o
Nemaline rod myopathy v Encephalopathy Agorithm
(Figure 3)
Abnomallabsent Nomal Inbom Error o
dystrophin dystrophin etabolism
v See Pathology Table
(Table 9, Reference 5)

Duchenne or

Becker muscular
dystrophy

*Blood: electrolytes, BUN, creatinine, glucose, pH, ammonia, CBC vith difierentia, lactate, pyruvate, AST, ALT,

Congenttal muscular
dystrophy

Limb-girdie muscular
dystrophy

canitine, and acylcaiines. Freeze 3 m plasma for further studies.

Urine:  urinalysis, amino acids, organic acids, acylglycines. Freeze 20 cc for further studies.

Figure 6.

Diagnostic Algorithm: Neuromuscular Symptoms
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Table 1

Inborn Errors of Metabolism That Cause Cardiomyopathy.

Page 17

Disorders of Amino Acid and Organic Acid Metabolism
. Propionic acidemia - DCM

. Methylmalonic aciduria

. Malonic academia

. B-ketothiolase deficiency — DCM
. Mevalonic academia

. Tyrosinemia - HCM

* Oxalosis - HCM, RCM™

Disorders of Fatty Acid Metabolism
Carnitine Transport Defects o
. Systemic primary carnitine deficiency - HCM, DCM

. Muscle carnitine deficiency - HCM, DCM
. Carnitine-palmitoyl transferase type Il deficiency

. Carnitine acylcarnitine translocase deficiency

Fatty Acid Oxidation Defects
. Very long-chain acyl-CoA dehydrogenase deficiency - HCM

. Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency - HCM, DCM
. Short-chain 3-hydroxyacyl-CoA dehydrogenase deficiency

. Multiple acyl-CoA dehydrogenase deficiency (glutaric academic type 1) - HCM

Disorders of Glycogen Metabolism
. GSD Il (Pompe disease, acid a-glucosidase/acid maltase) - HCM

. GSD |11 (Cori disease; debranching enzyme) - HCM

. GSD IV (Anderson disease; branching enzyme) — DCM

. GSD IX (cardiac phosphorylase kinase) - HCM

. PRKAG?2 Deficiency — HCM with Wolff-Parkinson-White Syndrome

. Danon Disease (Pseudo-Pompe disease with normal acid maltase; LAMP2) — HCM

Disorder of Glycoprotein Metabolism
. Congenital disorders of Glycosylation - HCM

Lysosomal Storage Disorders
Disorders of Mucopolysaccharide (Glycosaminoglycan) Metabolism
. MPS | (Hurler, Hurler-Scheie, and Scheie syndromes) - HCM, DCM

. MPS Il (Hunter syndrome) — HCM

. MPS 111 (Sanfilippo syndrome) — HCM

. MPS IV (Morquio syndrome) — HCM

. MPS VI (Maroteaux-Lamy syndrome) - DCM

. MPS VII (Sly syndrome) - HCM

Disorder of Glycogen Metabolism
. GSD I (Pompe disease, acid a-glucosidase/acid maltase) - HCM

. Danon Disease (Pseudo-Pompe disease with normal acid maltase; LAMP2) - HCM

Disorders of Glycosphingolipid Metabolism

Prog Pediatr Cardiol. Author manuscript; available in PMC 2008 November 21.
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Gaucher disease (glucocerebrosidase) - HCM™

Fabry disease (0-galactosidase) — HCM™

Disorders of Combined Ganglioside, Mucopolysaccharide, and Oligosaccharide Metabolism

GM1 Gangliosidosis (HCM, DCM)

GM2 Gangliosidosis (Sandhoff disease) - HCM, DCM

Mitochondrial Disorders

Pyruvate dehydrogenase deficiency (Leigh disease) — HCM

Complex | Deficiency - DCM

Complex |1 Deficiency —

Complex 11 Deficiency (Histiocytoid Cardiomyopathy) - HCM

Complex IV Deficiency (muscle and Leigh disease forms) - HCM

Complex V Deficiency - HCM

MELAS (Mitochondrial transfer RNA mutation) - HCM

MERFF (Mitochondrial transfer RNA mutation) - HCM, DCM
Kearns-Sayre syndrome (mitochondrial DNA deletions/duplications) — HCM
Barth syndrome (3-methylglutaconic aciduria type 1) - HCM, DCM, Mixed

Sengers syndrome — HCM

Peroxisomal Disorder

Refsum disease (phytanic acid oxidase) - HCM, DCM

*
Reported in adults only

Prog Pediatr Cardiol. Author manuscript; available in PMC 2008 November 21.
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