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Abstract

Inborn errors of metabolism, also known as inherited metabolic diseases, constitute an important group of
conditions presenting with neurologic signs in newborns. They are individually rare but collectively com-
mon. Many are treatable through restoration of homeostasis of a disrupted metabolic pathway. Given their
frequency and potential for treatment, the clinician should be aware of this group of conditions and learn to
identify the typical manifestations of the different inborn errors of metabolism. In this review, we summa-
rize the clinical, laboratory, electrophysiologic, and neuroimaging findings of the different inborn errors of
metabolism that can present with florid neurologic signs and symptoms in the neonatal period.

INTRODUCTION

The first inborn error of metabolism (IEM) was described
by Garrod (1902). Nowadays, there are estimated to be
more than 700 inborn errors of metabolism (Illsinger
and Das, 2010). Defined as genetic disorders that cause
disruption of a metabolic pathway, IEMs can lead to dis-
ease either by accumulation of a toxic substrate proximal
to the metabolic block (for example, excessive leucine in
maple syrup urine disease), a deficiency of the product
distal to the block (as in serine biosynthetic disorders),
or a diversion of the substrate to an alternative pathway
(for example in p-hydroxyglutaric aciduria type 2, where
a-ketoglutarate is diverted from the Krebs cycle into the
formation of p-2-hydroxyglutarate). Although each dis-
order in isolation is rare, as a group they represent some-
what common disorders, with an overall prevalence of 1
in 784 individuals in the West Midlands, United King-
dom (Sanderson etal., 2006), 1 in 2500 in British Colum-
bia, Canada (Applegarth et al., 2000), and 1 in 2555 in
Italy (Dionisi-Vici et al., 2002). IEMs can be classified
in various ways, as small-molecule diseases (such as

aminoacidopathies, urea cycle disorders, organic acide-
mias, fatty acid oxidation disorders, purine and pyrimi-
dine disorders, and disorders of metal metabolism) and
large-molecule diseases (such as lysosomal storage dis-
orders, glycogen storage disorders, peroxisomal disor-
ders, and congenital disorders of glycosylation)
(Lanpher et al., 2006). In turn, the small-molecule dis-
eases can be classified into intoxication disorders (such
as organic acidemias, urea cycle disorders, or aminoaci-
dopathies, caused by accumulation of a toxic com-
pound), or disorders of energy deficiency (such as fatty
acid oxidation disorders, disorders of pyruvate metabo-
lism and gluconeogenesis, and mitochondrial disorders)
(Illsinger and Das, 2010).

Some inborn errors of metabolism are treatable (van
Karnebeek and Stockler, 2012), and thus many are
included in newborn screening programs in various
countries. In fact, the number of treatable IEMs continues
to increase with time, and care for conditions that are
already treatable continues to improve. It has been
argued that the most important development contributing
to improved care is the increased access to knowledge of
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IEMs (Campeau et al., 2008). Online tools exist to facil-
itate the diagnosis (Lee et al., 2017b) or aid in the nutri-
tional treatment of IEMs (Ho et al., 2016), while other
available tools can provide help with both diagnosis
and treatment of these conditions (van Karnebeek
et al., 2012b).

Many [EMs present with neurologic symptoms in the
neonatal period, some predominantly with encephalopa-
thy, others with neonatal seizures, or still others with neo-
natal hypotonia, or a combination of these findings.
Some can have characteristic EEG changes, such as
the comb-like rhythm in maple syrup urine disease
(MSUD) (Tharp, 1992; van Karnebeek et al., 2018). Cer-
tain IEMs can be accompanied by structural brain anom-
alies, such as a dysgenetic corpus callosum seen
commonly in pyruvate dehydrogenase complex defi-
ciency or in glycine encephalopathy (Nissenkorn et al.,
2001). Brain magnetic resonance spectroscopy can
sometimes aid the correct diagnosis of an IEM, as has
been seen in cases of GABA transaminase deficiency
(Tsuji et al.,, 2010), fatty acid oxidation disorders
(Ferreira et al., 2016), or glycine encephalopathy
(McAdams and Richards, 2009). In this chapter, we pro-
vide an overview of the clinical symptoms, biochemical
and genetic defects, and treatment of [EMs that present
with neurologic features during the neonatal period.
We also provide a tabular summary of the main clinical
(neurologic and extraneurologic), laboratory, EEG, brain
MRI, and brain MRS findings for the different groups of
IEMs, in order to raise awareness and facilitate their rapid
recognition by the busy clinician (see Table 22.1).

UREA CYCLE DISORDERS
Clinical symptoms

The age at which urea cycle disorders (UCDs) first pre-
sent clinically is variable, but they are more likely to pre-
sent in the neonatal period, during late infancy, and
around puberty. The early symptoms are often not spe-
cific and therefore easily overlooked. Nevertheless, it
is important to think of and actively test for hyperammo-
nemia to establish the diagnosis quickly and reduce
complications.

Immediately after birth, babies suffering one of these
inherited metabolic diseases generally appear normal but
within days to weeks, due to the hyperammonemia, they
typically become progressively unwell, with poor feed-
ing, vomiting, lethargy, temperature instability, irritabil-
ity, and tachypnea. If left untreated, neonates may rapidly
deteriorate, develop neurologic and autonomic prob-
lems, including encephalopathy and/or epilepsy, vaso-
motor instability, intracranial hemorrhages, apnea, and

coma. For ornithine transcarbamylase (OTC) deficiency,
which is an X-linked disorder, hyperammonia is usually
severe and often fatal during the neonatal period; for
females the clinical picture depends on X-inactivation
pattern in the liver with severe symptoms/encephalopa-
thy in the neonatal period in less than 15% of cases.
For argininosuccinic aciduria, neurologic and hepatic
problems occur despite good control of ammonia levels;
this is due to the accumulation of argininosuccinic acid in
the brain and other organs. Arginase deficiency differs
clinically from the other UCDs; often misdiagnosed as
cerebral palsy (Leach et al., 2014), it presents most com-
monly at a later age with spastic diplegia and intellectual
disability due to high guanidinoacetate levels (Amayreh
etal., 2014). However, some patients may indeed present
with a subacute encephalopathy and/or seizures.

Genes

The genes involved in UCD encode the urea cycle
enzymes and those crucial to proper functioning of those
enzymes: NAGS encoding N-acetylglutamate synthase,
CPS1 encoding carbamylphosphate synthetase I, OTC
encoding ornithine transcarbamylase (the defect of
which leads to the most common urea cycle defect, an
X-linked disorder with an incidence of 1 in 14,000),
ASS encoding argininosuccinate synthetase (the defi-
ciency of which leads to citrullinemia type 1), ASL
encoding argininosuccinate lyase, ARG encoding argi-
nase, CA5A encoding carbonic anhydrase VA, and
SLC25A415 encoding the mitochondrial ornithine translo-
cator (the deficiency of which is associated with hyper-
ornithinemia, hyperammonemia, and homocitrullinuria
syndrome).

Biochemical defects and pathophysiology

The main detoxification mechanism of ammonia (NH3)
arising from amino acid metabolism is its conversion to
urea in the liver. Carbamoyl phosphate synthetase 1 is the
enzyme catalyzing the initial condensation of ammonia
and bicarbonate. It requires activation by N-acetylgluta-
mate, which itself is formed by N-acetylglutamate
synthase. Ornithine transcarbamylase acts as a carrier
molecule, binding carbamylphosphate to ornithine.
The citrulline that is then formed is transported out of
the mitochondrion and bound to aspartate by arginino-
succinate synthetase. The resulting argininosuccinate is
split by argininosuccinate lyase into fumarate and
arginine. Subsequently, the latter is hydrolyzed by argi-
nase into ornithine and urea, which are both harmless.
Urea carries two nitrogen residues and is excreted in
the urine, while ornithine is transported back into the



Table22.1

Summary of clinical, laboratory, EEG, and neuroimaging findings of IEMs.

IEM Neurologic Extraneurologic Laboratory EEG Brain MRI Bran MRS
Urea cycle disorders Encephalopathy Liver disease Hyperammonemia. Slow background Cortical and subcortical edema. Prominent Glx peak
(sometimes) Respiratory alkalosis. BG T2-hyperintensity with
Increased glutamine thalamic sparing. Scalloped
ribbon of DWI restriction at
insular gray—white interface
Organic acidemias Encephalopathy. Cytopenias. Pancreatitis. Hyperammonemia. Slow background. Burst Diffuse swelling neonatally; Prominent Glx peak
Choreoathetosis Cardiomyopathy High-anion gap metabolic suppression possible delayed myelination and globi
(PA). Renal disease acidosis. Ketotic pallidi lesions later
(MMA) hyperglycinemia
Disorders of biotin Encephalopathy Erythroderma or Hyperammonemia. Burst suppression Intraventricular hemorrhage. Lactate peak
metabolism ichthyosis High-anion gap metabolic Subependymal cysts
acidosis. Lactic acidosis.
Ketosis
MSUD Encephalopathy; Sweet (maple syrup) Ketosis. Hypernatremia. Comb-like rhythm Increased signal and cytotoxic BCAA/BCKA peak
opisthotonus; bicycling/ smell Increased BCAAs and edema myelinated structures, (0.9 ppm)

Fatty acid oxidation
defects

Primary lactic acidosis

Glycine encephalopathy

Molybdenum cofactor/
sulfite oxidase
deficiency

Disorders of GABA
metabolism

fencing movements

Encephalopathy (Reye
syndrome)

Encephalopathy. Infantile

Parkinsonism (PC
deficiency)

Seizures

Seizures. hyperekplexia

Seizures.
Hypersomnolence.
Choreoathetosis

Lipid storage myopathy.

Liver disease. Renal

cysts (GA2)
Dysmorphic features

(PDH deficiency)

None

None

Overgrowth

BCKAs

Hypoketotic hypoglycemia

Lactic acidosis

High CSF glycine and CSF/
plasma glycine ratio

Elevated S-sulfocysteine; low
cysteine, high taurine.
Increased AASA and
pipecolic acid

Elevated urine
4-hydroxybutyric acid
(SSADH); elevated GABA,
beta-alanine, and
homocarnosine (GABAT)

Slow background

Slow background,
multifocal spikes

Burst suppression

Burst suppression

Slow background,
multifocal spikes,
burst suppression

vasogenic edema of
unmyelinated tracts

T2 hyperintensities in
periventricular and subcortical
WM (GA2)

T2 hyperintensities and DWI
restriction of dorsal brainstem,
cerebral peduncles,
corticospinal tracts;
subependymal cysts

Agenesis of the CC. T2
hyperintensities and DWI
restriction of myelinated tracts

Diffuse swelling followed by
cystic changes

T2 hyperintensities of globi
pallidi, dentate, and
subthalamic nucleus (SSADH)

Lipid peak (0.9 and
1.3 ppm)

Lactate peak

Glycine peak (3.55ppm)

S-sulfocysteine peak
(3.61 ppm); taurine peak
(3.24 and 3.42ppm)

GABA peak (2.2-2.4 ppm;
GABAT)

Continued



Table22.1

Continued
IEM Neurologic Extraneurologic Laboratory EEG Brain MRI Bran MRS
PDE Seizures None Increased AASA and pipecolic  Slow background, Usually normal; can have Decreased NAA peak (over
acid multifocal spikes, dysgenetic CC time)
burst suppression
Serine biosynthesis Microcephaly. Seizures Ichthyosis. Ectropion, Low serine in plasma and CSF  Multifocal spikes; Hypomyelination Decreased NAA peak;
disorders eclabion hypsarrhythmia increased choline peak
(Neu-Laxova)
Lysosomal storage Neurodegeneration. Hydrops fetalis. Dermal Increased CK (Pompe) Fast central spikes (Tay- Thick optic nerves and intracranial Broad peak centered around
disorders Hypotonia (Pompe) melanosis. Ichthyosis Sachs); vertex sharp calcifications (Krabbe) 3.7 ppm
(Gaucher type 2) waves (sialidosis)
Peroxisonal disorders Hypotonia. Seizures Cholestasis; renal cysts; Elevated VLCFA, phytanic Multifocal spikes; Perisylvian polymicrogyria and Lipid peak (0.9 and
epiphyseal stippling. acid, bile acid intermediates, hypsarrhythmia pachygyria; hypomyelination; 1.3 ppm)
Dysmorphic features pipecolic acid, low subependymal cysts
plasmalogens
Cholesterol biosynthesis Microcephaly. Hypotonia ~ Dysmorphic features. Low cholesterol (90%); Interictal epileptiform Holoprosencephaly (5%) Lipid peak (0.9 and
disorders (SLO) Photosensitivity elevated 7DHC discharges common 1.3 ppm)
Congenital disorders of  Hypotonia. Seizures Inverted nipples. Elevated transaminases; Multifocal epileptic Pontocerebellar hypoplasia Decreased NAA peak
glycosylation Abnormal fat pads coagulopathy; endocrine discharges
abnormalities
Disorders of copper Seizures Pili torti. Cutis laxa. Low serum copper and Burst suppression Arterial tortuosity. Subdural Decreased NAA peak
metabolism Bladder diverticula. ceruloplasmin; high urine collections
Metaphyseal lesions copper
GLUT! deficiency Seizures. Abnormal eye Hemolytic anemia, Low CSF glucose and lactose; Variable depending on ~ Normal Normal
movements pseudohyperkalemia, low CSF/serum glucose type of seizure
cataracts (specific ratio
mutations)

Abbreviations: 7DHC, 7-dehydrocholesterol; AASA, a-aminoadipic semialdehyde; BCAAs, branched-chain amino acids; BCKAs, branched-chain ketoacids; BGF, basal ganglia; CC, corpus callosum; DWI,
diffusion-weighted imaging; GA2, glutaric aciduria type 2; GABAT, GABA transaminase; Glx, glutamine/glutamate; MSUD, maple syrup urine disease; NAA, N-acetylaspartate; PA, propionic acidemia; PC,
pyruvate carboxylase; PDE, pyridoxine-dependent epilepsy; PDH, pyruvate dehydrogenase; SLO, Smith—-Lemli—Opitz syndrome; WM, white matter.
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mitochondrion by the ornithine transporter, thus com-
pleting the urea cycle.

Additionally, hepatic NH; detoxification occurs (in
low capacity) through the action of glutamine synthetase
at the perivenous area of the hepatic lobule. Transport
defects involving the dibasic amino acids cause a defi-
ciency of intramitochondrial ornithine, and accumulation
of carbamoyl phosphate and hyperammonemia. Addi-
tionally, a liver bypass (e.g., open ductus venosus in
the neonate) causes hyperammonemia with insufficient
formation of both urea and glutamine, as can also be
seen with insufficient arginine intake (e.g., parenteral
nutrition). Carbonic anhydrase VA provides bicarbonate
to the proximal urea cycle enzyme CPS1, as well as three
other enzymes active in intermediary metabolism, result-
ing in hyperammonemia as well as lactic acidosis and
hypoglycemia (pyruvate carboxylase) and accumulation
of organic aciduria metabolites (propionyl-CoA carbox-
ylase and 3-methylcrotonyl-CoA carboxylase) (van
Karnebeek et al., 2014).

For ASL deficiency, there is accumulation of argini-
nosuccinic acid that is damaging to all organs and may
result in intellectual disability and psychiatric symptoms,
as well as abnormal hair, hepatomegaly, and hepatic
fibrosis, which are unique features of this disorder.

Other genetic defects of ammonia detoxification
that can present during the neonatal period include:
hyperinsulinism-hyperammonemia syndrome due to
gain-of-function mutations in glutamate dehydrogenase;
lysinuric protein intolerance, caused by deficiency of a
dibasic amino acid transporter—encoded by SLC747—
resulting in a lack of substrates (ornithine and arginine)
for the urea cycle; and glutamine synthetase deficiency,
associated with severe neonatal encephalopathy.

In addition to the ammonia, plasma amino acids and
urine organic acids are required for pinpointing the type
of UCD. It must be noted that metabolic abnormalities
might be fluctuating and inconsistent. Therefore enzy-
matic and/or molecular analyses are required to confirm
the diagnosis.

Treatment and outcomes

The main management principles of acute hyperammo-
nemia include cessation of protein intake, administration
of enough calories to avoid catabolism, and use of
ammonia scavengers such as sodium benzoate and/or
sodium phenylbutyrate. Protein cessation should not
exceed 24h; otherwise muscle breakdown will ensue,
with a consequent rise in ammonia production from
protein catabolism. Intravenous fluids (such as D10W)
at 1.5 times the calculated maintenance rate—and if
necessary intravenous lipids—are typically administered
to minimize endogenous protein breakdown and reliance

on amino acid oxidation for energy. If these measures are
insufficient, one could consider hemodialysis or contin-
uous venous—venous hemofiltration. For the proximal
UCDs, intravenous arginine is administered, while
citrulline is given enterally for distal UCDs. Chronic
management is based on the same but less rigorous
principles, with a low-protein diet and amino acid sup-
plementation, enteral medications and, in case of illness,
an emergency formula to avoid a metabolic decompensa-
tion. Detailed diagnostic and management guidelines
have been published (Haberle et al., 2012).

Outcomes are highly variable and depend on the type
and severity of the particular UCD or secondary cause of
hyperammonemia. Equally important is the age at diag-
nosis, as irreversible damage and neurologic sequelac
correlate closely with the ammonia level and the duration
during which it is elevated, especially for the neonates
and young infants whose brains are most vulnerable to
the damaging effects of hyperammonemia and other
toxins inherent to specific UCDs. The overall metabolic
control and (lack of ) decompensation also contribute to
the outcome of UCD patients. Most frequent complica-
tions include intellectual disability, psychiatric disease,
failure to thrive, and liver disease.

ORGANIC ACIDURIAS
Clinical symptoms

Organic acidurias are disorders of intermediary metabo-
lism with characteristic accumulation of carboxylic acids
identified by gas chromatography/mass spectroscopy
(GC/MYS) analysis of urine. During the neonatal period,
the most common and relevant OAs are those involving
branched-chain amino acid metabolism—propionic
aciduria (PA), methylmalonic aciduria (MMA), isovale-
ric aciduria (IVA) and lysine/tryptophan metabolism,
glutaric aciduria type 1 (GA1). Most patients present
with systemic illness (classical organic acidurias) but
some conditions, such as GAl, have only cerebral
abnormalities. The latter presents with macrocephaly,
frontotemporal atrophy on MRI, acute encephalopathic
crisis (usually between the ages of 6 and 18 months) with
destruction of the striatum, which results in severe
dystonic—dyskinetic movement disorder, subdural
hematomas, and leukoencephalopathy in adulthood.
For the other three acidurias there are several pheno-
types. The neonatal form presents with metabolic
encephalopathy. Lethargy and feeding problems with
dehydration are early symptoms. Truncal hypotonia with
limb hypertonia occur, as well as myoclonic jerks.
Cerebral edema results in coma and death. Pancytopenia
and myelodysplasia are seen in PA and MMA. Multior-
gan failure is possible. An unusual sweaty feet odor may
be diagnostic for isovaleric acidemia. The chronic,
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intermittent form of aciduria can manifest later in life, up
to adulthood, with recurrent episodes of ketoacidotic
coma, lethargy and ataxia, focal neurologic signs, stupor,
coma, and Reye syndrome. Patients with PA can also
present with cardiomyopathy and prolongation of the
QT interval. Finally, the chronic progressive form
presents with failure to thrive, chronic vomiting,
anorexia, osteoporosis, hypotonia, psychomotor retarda-
tion, and recurrent infections.

Pathophysiology and biochemical defects

The three aforementioned organic acidurias are the result
of enzymatic defects in branched-chain amino acid
catabolism. The mitochondrial accumulation of CoA
metabolites is an important difference between many
organic acidurias and the aminoacidopathies.

Specifically, IVA is caused by a defect in isovaleryl-
CoA dehydrogenase, a FAD-dependent enzyme in the
leucine catabolic pathway. In PA, propionyl-CoA accu-
mulates due to propionyl-CoA carboxylase deficiency,
inhibiting enzymes of the tricarboxylic acid cycle, the
urea cycle, and other pathways. Of note, this is a
biotin-dependent enzyme, although no biotin-responsive
patients have been described.

MMA is the result of methylmalonyl-CoA mutase
deficiency. Secondary deficiency of this enzyme may
also be caused by insufficient metabolism of its cofactor
cobalamin, or nongenetic factors such as vitamin B12
deficiency. Finally, GA1 is caused by a defect of an
enzyme active in the lysine and tryptophan catabolism
pathway, glutaryl-CoA dehydrogenase.

Biochemically, patients present with a high-anion gap
metabolic acidosis, lactate accumulation along with
ketones and tricyclic acid intermediates, hypoglycemia,
and hyperammonemia. For neonates, ketonuria is always
abnormal and should prompt investigations for organic
acidurias and other IEMs. Specific metabolic investiga-
tions are required to confirm the diagnosis. Acylcarni-
tines show low total carnitine for all four organic
acidurias: C2 acetylcarnitine (indicative of ketosis), C3
propionylcarnitine elevations for PA and MMA, CS5 iso-
valerylcarnitine for isovaleric aciduria, and C5DC glutar-
ylcarnitine for glutaric aciduria type 1. Organic acid
analysis will reveal elevations of 3-hydroxypropionate,
methylcitrate, tiglylglycine, and propionylgycine in
patients with PA, methylmalonic acid in MMA,
3-hydroxyisovaleric acid and isovalerylglycine in IVA,
and 3-hydroxyglutaric acid and glutaric acid in GAIl.
Amino acids show elevated glycine in patients with
PA, MMA, and IVA. It must be noted that metabolic
abnormalities might be fluctuating and inconsistent, so
enzymatic and/or molecular analyses are required to con-
firm the diagnosis.

Genes

PCCA and PCCB encode the two subunits of propionyl-
CoA carboxylase. MUT encodes methylmalonyl-CoA
mutase; IVD encodes isovaleryl-CoA dehydrogenase;
and GCDH encodes glutaryl-CoA dehydrogenase.

Therapy and outcomes

Prompt intervention is paramount in acute phase organic
acidurias. Therapy comprises the interruption of the cat-
abolic state with high-dose glucose infusion (with intra-
venous insulin, if necessary) and lipid infusion, stopping
protein intake for no longer than 24 h; counteraction of
the acidosis; removal of ammonia (if required, with
use of carglumic acid or dialysis); and supplementation
of levocarnitine to increase acid excretion. Long-term
treatment comprises dietary protein restriction and sup-
plementation of carnitine. An emergency protocol (with
extra fluids and calories, but further restriction of protein)
in case of illness, fasting for surgery, or other catabolic
states is imperative for all organic acidurias. Guidelines
are in place for the diagnosis and management of PA and
MMA (Baumgartner et al., 2014).

The outcome of organic acidurias depends on the tim-
ing of diagnosis and intervention, as well as the severity
of disease (in most cases, correlating with the type of
mutation). Complications of organic acidurias are many,
varying from demyelination, striatal necrosis, nephritis
(in MMA), pancreatitis, dermatoses/epidermolysis, oste-
oporosis, and cardiomyopathy (in PA).

Other organic acidurias—diagnosed via urine organic
acid profile and treated symptomatically unless other-
wise indicated—include:

1. 3-methylglutaconic aciduria of different types, of
which the most relevant for the neonatal neurologist
is type 2, also known as Barth syndrome, an
X-linked disorder caused by mutations in 7A4Z,
and characterized by skeletal and cardiac myopathy,
growth retardation, and neutropenia. Type 3, also
known as Costeff syndrome, is caused by mutations
in OPA3 and presents with optic atrophy, extrapyra-
midal signs, and spasticity.

2. Dp-2-hydroxyglutaric —acidurias type 1 (Dp-2-
hydroxyglutarate dehydrogenase deficiency) and
type 2 (isocitrate dehydrogenase 2 superactivity)
presenting with a variable phenotype (from asymp-
tomatic to developmental delay, epilepsy, hypoto-
nia, cardiomyopathy, or dysmorphic features).

3. L-2-hydroxyglutaric aciduria (L-2-hydroxyglutarate
dehydrogenase deficiency) presenting with psycho-
motor delay, epilepsy, cerebellar ataxia, and macro-
cephaly. It often progresses slowly. Neuroimaging
findings include peripheral leukodystrophy, with
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symmetric T2-weighted hyperintensities of the den-
tate nucleus and pallidum.

4. Ethylmalonic encephalopathy (caused by mutations
in ETHE]) presenting with (often lethal) neurodeve-
lopmental regression, pyramidal and extrapyramidal
tract signs, seizures, petechiae, orthostatic acrocya-
nosis, and chronic diarrhea.

5. 2-Methyl-3-hydroxybutyric aciduria, an X-linked
condition presenting in males with progressive neu-
rodegeneration, loss of skills, choreoathetosis, epi-
lepsy, blindness, mild acidosis in catabolic states,
and cardiomyopathy. Females may have nonpro-
gressive intellectual disability.

6. Malonic aciduria (caused by mutations in MLYCD)
presenting with relatively mild clinical features
including intellectual developmental delay, epi-
lepsy, and recurrent vomiting. Treatment includes
carnitine supplementation and a low-fat, high-
carbohydrate diet.

7. Canavan disease, or aspartoacylase deficiency, pre-
senting with progressive psychomotor delay, pro-
gressive epileptic encephalopathy, macrocephaly,
leukodystrophy  (particularly of  subcortical
U-fibers), and optic atrophy.

DISORDERS OF BIOTIN METABOLISM
(MULTIPLE CARBOXYLASE
DEFICIENCY)

Clinical symptoms

The neonatal form of multiple carboxylase deficiency
presents with intrauterine growth restriction (IUGR),
hypotonia, feeding and breathing difficulties, and
encephalopathy. Skin manifestations are typical and
include erythroderma-like dermatitis, or even ichthyosis
with a collodion membrane (Arbuckle and Morelli,
2006). Laboratory findings include severe metabolic aci-
dosis with lactic acidosis and ketosis, hyperammonemia,
and a common pattern of organic aciduria.

Typical neuroimaging findings, seen in 86% of
patients, include ventriculomegaly, intraventricular hem-
orthage, and subependymal cysts (Bandaralage
et al., 2016).

Genes

HLCS is the gene causative of the neonatal form of mul-
tiple carboxylase deficiency, while BTD is the gene typ-
ically responsible for a later-onset form of the disease.
A founder mutation in HLCS is present in the Faroe
Islands, with an estimated carrier frequency of 1 in
20 (Lund et al., 2007). The human sodium-dependent
multivitamin transporter (SMVT) that transports biotin
through the plasma membrane is encoded by the SLC546

gene, and mutations in the latter were recently associated
with human disease (Subramanian et al., 2017).

Biochemical defects and pathophysiology

Multiple carboxylase deficiency results either from bio-
tinidase deficiency or from holocarboxylase synthetase
deficiency. Biotinidase deficiency is usually associated
with a later onset of symptoms, while the neonatal
form of multiple carboxylase deficiency is caused by a
lack of holocarboxylase synthetase. While biotinidase
is necessary for cleaving biotin from biotin-dependent
holocarboxylases so it can be recycled for new use,
holocarboxylase synthetase is responsible for incor-
porating biotin into the apocarboxylases, to form the
fully active holocarboxylases. There are five biotin-
dependent carboxylases: propionyl-CoA carboxylase
(PCC), pyruvate carboxylase, 3-methylcrotonyl-CoA car-
boxylase (3-MCC), acetyl-CoA carboxylase-alpha, and
acetyl-CoA carboxylase-beta. Lactic acidosis in this con-
dition results from a deficiency of pyruvate carboxylase,
while the characteristic pattern of urine organic acid
excretion is that of 3-hydroxyisovaleric acid and
3-methylcrotonylglycine from 3-MCC deficiency, and
3-hydroxypropionic acid, methylcitrate, and tiglylglycine
from PCC deficiency. These characteristic urine metabo-
lites, however, can be masked by the presence of gross
ketosis in urine organic analysis by GC/MS (Carpente
et al., 2000).

Newborn screening by tandem MS reveals elevated
C50H (3-hydroxyisovalerylcarnitine) on dried blood
spots, although elevation of C3 (propionylcarnitine)
can also be found. However, cases can be missed or even
misdiagnosed as isolated 3-MCC deficiency (Donti
et al., 2016).

In addition to its aforementioned cytosolic and mito-
chondrial role in metabolism, holocarboxylase synthe-
tase also fulfills a putative role in histone biotinylation
and has a moonlighting function as a nuclear coregulator
of gene transcription (Ledn-Del-Rio etal., 2017). Indeed,
patients with holocarboxylase synthetase deficiency
were found to have decreased histone biotinylation
(Narang et al., 2004).

Treatment and outcomes

Therapy for disorders of biotin metabolism involves bio-
tin supplementation. Although most patients respond
favorably to biotin, some patients show an incomplete
response (Wilson et al., 2005). Biotin-unresponsive
mutations typically exhibit reduced affinity for the sub-
strate (Mayende et al., 2012). For poorly responsive
cases, some authors advocate measuring biotin plasma
levels to ensure that the biotin dose is sufficient to satu-
rate the K, of the mutant enzyme (Van Hove et al., 2008).
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Doses of up to 200 mg of biotin have been administered
in holocarboxylase synthetase deficiency, unlike the
lower doses of 5—10 mg given to patients with biotinidase
deficiency. Maternal administration of biotin prenatally
has led to improved growth in a fetus with IUGR due
to holocarboxylase synthetase deficiency (Yokoi et al.,
2009). The solubility of the formulation should be taken
into account, as poorly soluble forms might not be
absorbed or might even lead to a biotin pharmacobezoar
(De Castro et al., 2015).

MAPLE SYRUP URINE DISEASE
Clinical symptoms

MSUD presents within a few days of life, many times
even before the return of newborn screening results, with
poor feeding, hypertonia, seizures, and progressive neu-
rologic deterioration. The presence of severe spasticity
with opistothonus has occasionally led to a misdiagnosis
of neonatal tetanus (Kiiltiirsay et al., 1994). Stereotypic
movements such as “fencing” and “bicycling” are typi-
cal. The characteristic maple syrup smell can be appreci-
ated first in cerumen and later in other bodily secretions,
such as urine.

Laboratory findings include ketosis and hyponatremia,
the latter from an increase in vasopressin (Strauss et al.,
1993), thus representing an example of a syndrome of
inappropriate antidiuretic hormone secretion (SIADH).
Hypoglycemia and hyperammonemia are not common.

A characteristic EEG pattern, described as a comb-
like rhythm, is diagnostic of the neonatal form of MSUD
(see left side of Fig. 22.1, obtained from a 3-week-old
patient) (Estivill et al., 1985; Tharp, 1992).

Neuroimaging reveals cerebral edema. Diffusion-
weighted imaging is useful in the acute setting of MSUD,
as it shows hyperintensity with decreased apparent
diffusion coefficient (ADC) values—consistent with
cytotoxic edema—in the cerebellar white matter, dorsal
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brainstem, cerebral peduncles, thalami, posterior limbs
of the internal capsules, and centrum semiovale
(Cavalleri et al., 2002; Parmar et al., 2004), while the
unmyelinated white matter reveals an increase in ADC,
consistent with vasogenic edema (Ha et al., 2004). Mag-
netic resonance spectroscopy reveals a large peak at
0.9 ppm from the methyl resonance of branched-chain
amino acids and ketoacids (see arrow on right side of
Fig. 22.1, obtained from the same patient as previously)
(Jan et al., 2003; Sato et al., 2014).

Genes

MSUD is caused by a deficiency in branched-chain
ketoacid dehydrogenase (BCKDH). The BCKDH com-
plex is composed of three subunits: E1, E2, and E3. The
decarboxylase (E1 subunit) is in turn composed of an o
subunit (encoded by BCKDHA) and a B subunit (encoded
by BCKDHB). The dihydrolipoamide branched-chain
transacylase (E2 subunit) is encoded by DBT, while
the dihydrolipoamide dehydrogenase (E3 subunit) is
encoded by DLD. In addition, phosphorylation of the
complex inactivates it, while dephosphorylation by a
phosphatase makes it active. Mutations in BCKDHA
cause MSUD type 1A, and are responsible for 33% of
cases, while mutations in BCKDHB cause MSUD type
1B, responsible for 38% of cases, and mutations in
DBT cause MSUD type 2, responsible for 19% of all
MSUD cases (Nellis and Danner, 2001). A founder
mutation in BCKDHA is present in Old Order Menno-
nites, where the incidence of the disease reaches 1 in
150 individuals (Carleton et al., 2010). Mutations in
DLD cause a different condition, E3 deficiency, some-
times called MSUD type 3. Finally, a mutation in
PPMIK, encoding for the BCKDH phosphatase, has
been associated with a mild variant of MSUD
(Oyarzabal et al., 2013).
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Fig. 22.1. Electroencephalogram showing comb-like rhythm in a newborn with MSUD (/eft). Brain magnetic resonance spectros-
copy on the same patient with voxel placed over the left basal ganglia, showing a dominant peak at 0.9 ppm and other collection of
peaks downstream spanning to 1.5 ppm, corresponding to BCAAs and BCKAs (right).
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Biochemical defects and pathophysiology

MSUD is associated with elevation of branched-chain
amino acids, leucine, isoleucine, and valine, as well as
alloisoleucine, the latter being a pathognomonic finding
for MSUD. Their corresponding ketoacids are also ele-
vated, including o-Ketoisocaproic acid, o-keto-p3-
methylvaleric acid, and a-Ketoisovaleric acid.

Patients with the neonatal form of DLD deficiency
can also have additional biochemical findings, including
lactic acidosis and elevated urinary o-ketoglutrate,
since the E3 subunit is shared with the pyruvate dehydro-
genase complex and the a-ketoglutarate dehydrogenase
complex.

The informative marker in newborn screening is
XLE, which measures the combined concentration of
leucine, isoleucine, and alloisoleucine. Hydroxyproline,
however, also contributes to the XLE peak (Staufner
et al., 2016).

The branched-chain amino acids compete with seven
other large, neutral amino acids for crossing the blood—
brain barrier via the same transporter, LAT1 (Strauss
et al,, 2010), thus interfering with neuronal protein
synthesis. In addition, the a-Ketoisocaproic acid interferes
with transamination reactions, thus leading to deficiency
of neurotransmitters such as glutamate and GABA
(Strauss et al., 1993). In addition, the accumulated
a-Ketoisocaproic acid inhibits the Krebs cycle and causes
ATP depletion which, in turn, likely leads to cerebral
edema via failure of the Na+/K+ ATPase (Zinnanti
et al., 2009).

Treatment and outcomes

The main aim of treatment is to control the plasma leu-
cine concentration. In the acute setting, the provider
should strive for a balance between enough protein
intake to allow for growth, while at the same time avoid-
ing protein excess and its consequent leucine elevation.
A formula deprived of branched-chain amino acids is
necessary, although supplementation of isoleucine and
valine is also required, as these compete against neuronal
intake of leucine. Sufficient calories should be adminis-
tered in order to avoid catabolism; otherwise, muscle
breakdown would lead to a paradoxical increase in
leucine. Thus although dextrose infusions are often
needed, hypotonic solutions should be avoided, as the
hyponatremia associated with the metabolic crisis can
worsen the cerebral edema. Hemodialysis or hemofiltra-
tion has often been used, in order to quickly remove
branched-chain amino acids from circulation.

Some patients show response to thiamine supplemen-
tation, but this phenotype is caused by specific mutations

in DBT, where at least one missense mutation falls in the
inner core domain and produces a full-length mutant E2
(Chuang et al., 2006).

Approximately 9%—13% of the whole-body BCKDH
activity is found in the liver (Suryawan et al., 1998). Thus
a liver transplant is curative of the disease (Strauss
et al., 2006).

FATTY ACID OXIDATION DEFECTS
Clinical symptoms

Typical presenting symptoms of fatty acid oxidation
defects (FAODs) during the neonatal period include
severe neonatal lactic acidosis, cardiomyopathy, and
hepatopathy and may resemble a mitochondrial respira-
tory defect. Neurologically, the children may be enceph-
alopathic, but there are no specific signs or symptoms.
Overall, there is considerable phenotypic heterogeneity
for FAODs. In infancy or early childhood, the key pre-
senting feature is hypoketotic hypoglycemia, sometimes
accompanied by signs of liver failure with hyperammo-
nemia. Milder defects of long-chain fatty acid oxidation
and the carnitine shuttle may affect skeletal muscle and
become manifest in adolescence or early adulthood as
recurrent myopathy and rhabdomyolysis or cause acute
or chronic cardiomyopathies.

Genes

The very Ilong-chain acyl-CoA dehydrogenase
(VLCAD) is encoded by ACADVL, the medium-chain
acyl-CoA dehydrogenase (MCAD) by ACADM, the
LCHAD by HADHA, and the trifunctional protein by
HADHB. The genes encoding proteins of the carnitine
shuttle include SLC22A45 (encoding the carnitine plasma
membrane transporter), CPT1A (encoding carnitine pal-
mitoyltransferase type 1), SLC2520 (encoding the mito-
chondrial carnitine-acylcarnitine translocase, or CACT),
and CPT?2 (encoding carnitine palmytoyltransferase 2).

All disorders in this group are inherited in an
autosomal recessive fashion though heterozygotes can
occasionally express symptoms, such as carrier mothers
of long-chain 3-hydroxyacyl-CoA dehydrogenase
(LCHAD) deficiency being at high risk of severe pre-
eclampsia, acute fatty liver of pregnancy or hemolysis,
elevated liver enzymes, and low platelets (HELLP)
syndrome.

Biochemical defects and pathophysiology

Fatty acids are oxidized in the mitochondrial matrix.
Although short- and medium-chain fatty acids can freely
enter the mitochondrial matrix, long-chain fatty acids
need to be bound to carnitine for entry inside the
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mitochondria. Carnitine enters the cell via a plasma
membrane transporter and is then bound to a fatty acid
via the action of CPT1 at the outer mitochondrial matrix;
subsequently, this fatty acid—bound carnitine (i.e., acyl-
carnitine) is transported inside the mitochondrial matrix
by CACT, so that the fatty acid can be separated from car-
nitine by CPT2. Once this unbound fatty acid is available
in the mitochondrial matrix, it undergoes four subsequent
oxidation steps that culminate with the cleavage of two
carbons in the form of acetyl-CoA. The oxidative
enzymes are length dependent and thus there are specific
enzymes for short-chain, medium-chain, and long-chain
fatty acid oxidation. SCAD, MCAD, and VLCAD all
participate in the first oxidative step (acting upon fatty
acids of different carbon lengths), while LCHAD partic-
ipates in the third oxidative step.

The inability to obtain energy from the oxidation of
fatty acids leads to hypoglycemia. The lack of fatty acid
oxidation leads to their increase in circulation and to a
concomitant decrease in ketone body production, as fatty
acid oxidation gives rise to acetyl-CoA, the substrate for
ketone body synthesis. In cases of hypoglycemia, rapid
determination of fatty acids (elevated) and ketones
(low) is usually sufficient for recognition of FAODs.
Acylcarnitine profiling in plasma is usually diagnostic,
and urine acylglycines can be particularly sensitive for
diagnosis. Specific dicarboxylic acids can be identified
on organic acid analyses. Enzyme studies (leukocytes,
fibroblasts) and molecular studies are required for
confirmation.

Central in the pathophysiology of FAODs is both the
energy deficiency and the intoxication. The mitochon-
drial respiratory dysfunction in FAODs is caused by
the accumulation of toxic long-chain acylcarnitines, par-
ticularly in long-chain fatty acid oxidation disorders. The
hypoketotic hypoglycemia seen in neonates and young
children is caused by insufficient ketone body production
in combination with inhibition of gluconeogenesis by
low acetyl-CoA during catabolic states. The renal excre-
tion of large amounts of acylcarnitines can lead to sec-
ondary carnitine deficiency and the consequent
decrease in long-chain fatty acid oxidation.

Treatment and outcomes

When there is a diagnostic suspicion during the acute
phase, avoid fasting and aim for anabolism by providing
high-dose glucose. Intravenous lipids are contraindi-
cated, as they will cause arise in fatty acids, which cannot
be oxidized due to the metabolic block. For long-chain
FAODs, medium-chain triglycerides are administered,
as these bypass the metabolic block.

If there is a persistent severe reduction of serum
carnitine  concentrations, then consider carnitine

supplementation (up to 50-100mg/kg/day); please note
this may be detrimental in disorders of long-chain
fatty acid oxidation or the carnitine cycle (as long-
chain acylcarnitines can be cardiotoxic). Carnitine sup-
plementation is not usually necessary for MCAD
deficiency.

As with other IEMs, early diagnosis and treatment are
essential for good outcomes. Currently, in many coun-
tries tandem mass spectrometry (MS/MS) in newborn
screening programs identifies many of the fatty acid oxi-
dation defects. Not surprisingly, when identified pre-
symptomatically, many of the disorders have a mild
phenotype. Patients with the long-chain enzyme defects
can still suffer considerable symptoms, which include
cardiomyopathy, hepatopathy, and recurrent rahbdo-
myolysis, despite early detection and treatment.

PRIMARY LACTIC ACIDOSIS
Clinical symptoms

The most common cause of primary lactic acidosis is
pyruvate dehydrogenase (PDH) complex deficiency.
The more severe form of the disease presents with intrac-
table lactic acidosis at birth, leading to neonatal death.
The lactic acidosis is accompanied by respiratory
distress. Milder forms of the disease present with more
moderate lactic acidosis, and common findings later in
the clinical course include developmental delay, hypoto-
nia, seizures, microcephaly, and ataxia (Patel et al.,
2012). Typical dysmorphisms include a prominent
forehead, wide nasal bridge, anteverted nares, and long
philtrum with thin vermillion of the upper lip, reminis-
cent of the dysmorphic features seen in fetal alcohol syn-
drome. Structural brain anomalies can be detected
in utero via fetal MRI, and include paraventricular pseu-
docysts, hypoplastic corpus callosum, ventriculomegaly,
and delayed gyration, while IUGR can be seen on
prenatal ultrasound (Pirot et al., 2016). About 27% of
patients with PDH complex deficiency have neuroimag-
ing findings consistent with Leigh syndrome (Patel
et al., 2012).

Leigh syndrome, also known as subacute necrotizing
encephalomyelopathy, is a neurodegenerative disorder
characterized by focal, bilateral, symmetric lesions in
one or more areas of the central nervous system, includ-
ing the basal ganglia, thalamus, and brainstem. Clini-
cally, it is accompanied by periods of stepwise
developmental regression in the setting of intercurrent
illness. Typical onset is between 3 and 12 months of
age, with a median of 7 months, although perinatal onset
is seen in 13.1% of patients (Sofou et al., 2014). The most
common neurologic features include abnormal motor
findings in 99% (with hypotonia in 75% and dystonia
in 45% of patients), abnormal ocular findings in 61%
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(with nystagmus in 24%, strabismus in 19%, and optic
atrophy in 15% of patients), seizures in 39%, and intel-
lectual disability in 37%. Extraneurologic features
include feeding difficulties in 45%, respiratory dysfunc-
tion in 38%, and cardiac dysfunction in 18% (Sofou
et al., 2014).

Pyruvate carboxylase deficiency can present with
three different phenotypes. The most severe form is the
French phenotype or type B, in which neonates present
within the first 3 days of life with hypothermia, tachyp-
nea, and severe truncal hypotonia. Nemaline rods can be
seen on muscle biopsy (Unal etal., 2013). A hypokinetic-
rigid syndrome of neonatal onset is also seen with this
form of the disease, accompanied by high-amplitude
tremor, hypokinesia, and abnormal eye movements
(Garcia-Cazorla et al., 2006). Hepatomegaly and failure
to thrive can also be a part of this phenotype, which typ-
ically has a poor prognosis, with death within the first
few months of life. The type A form is also known as
the North American phenotype, as it is seen more com-
monly in native North American Ojibwa, Cree, and Mic-
mac tribes of the Algonquin-speaking peoples, where the
carrier frequency is as high as 1 in 10 (Carbone et al.,
1998). Patients with this phenotype present at 2-5
months of age with failure to thrive, developmental
delay, seizures, pyramidal signs, ataxia, and nystagmus;
renal tubular acidosis has also been described (Marin-
Valenciaetal., 2010). The progressive course of this phe-
notype also leads to death within a few years of life. The
mildest form of the disease is type C, or intermittent phe-
notype, that shows no clear ethnic predilection. Develop-
ment is near normal, and patients present with recurrent
episodes of lactic acidosis and ketoacidosis.

All of the aforementioned disorders present with lac-
tic acidosis. The lactate/pyruvate (L/P) ratio is reflective
of the redox state (NADH/NAD ratio) of the cytosol,
while the beta-hydroxybutyrate/acetoacetate (BHB/
AcAc) ratio reflects the NADH/NAD ratio inside the
mitochondria. PDH deficiency and pyruvate carboxylase
deficiency types A and C have a normal L/P molar ratio
(<20); pyruvate carboxylase deficiency type B presents
with an elevated L/P ratio but a decreased BHB/AcAc
ratio (<0.8); and respiratory chain disorders present with
an elevated L/P ratio with a normal or elevated BHB/A-
cAc ratio (Marin-Valencia et al., 2010). It should be
noted that the sensitivity and specificity of the L/P ratio
in differentiating these various etiologies of lactic acido-
sis increases with higher lactate concentrations, while the
ratio is not useful with lactate values of <2.5 mmol/L
(Debray et al., 2007). Other laboratory findings in the
type B form of pyruvate carboxylase deficiency include
paradoxical postprandial ketosis, high concentrations of
lysine, proline, and citrulline, and hyperammonemia
with low glutamine levels.

Genes

Conditions in which lactic acidosis is a primary feature of
the disease process include PDH complex deficiency,
pyruvate carboxylase deficiency, and other disorders of
gluconeogenesis, disorders of the Krebs cycle, and mito-
chondrial respiratory chain defects.

The PDH complex is composed of an E1 component
(also called pyruvate decarboxylase), E2 component
(also called dihydrolipoamide acetyltransferase), E3 sub-
unit (common to that of BCKDH and o-ketoglutarate
dehydrogenase), and an E3 binding protein, also known
as component X. The complex is regulated by phosphor-
ylation, where a kinase inactivates it, while a phospha-
tase activates the complex by dephosphorylation. The
E1 component is composed of an E1-o subunit, encoded
by PDHAI, and an E1-f subunit, encoded by PDHB. E2
is encoded by DLAT, E3BP is encoded by PDHX, and the
phosphatase is encoded by PDPI. Mutations in either of
these genes cause PDH complex deficiency, but the most
common form is caused by mutations in PDHAI,
accounting for 84% of cases (Patel et al., 2012). The
PDHAI gene is located in the X chromosome, so the
most common form of PDH complex deficiency is
X-linked dominant, with females being more severely
affected than males. The other, rarer forms of PDH com-
plex deficiency are inherited in an autosomal
recessive manner.

A deficiency of 3-hydroxyisobutyryl-CoA hydrolase
(encoded by HIBCH) or of short-chain enoyl-CoA
hydratase deficiency (encoded by FCHS!) can also be
accompanied by lactic acidosis (Reuter et al., 2014;
Ganetzky et al, 2016), as the accumulated
methylacrylyl-CoA metabolites cause secondary inhibi-
tion of the PDH complex (Peters et al., 2015).

Leigh syndrome can be caused by mutations in dozens
of different genes, giving rise to nuclear-encoded or
mitochondrial DNA-encoded subunits of any of the
mitochondrial respiratory chain complexes (Rahman
and Thorburn, 1993; Thorburn et al., 1993; Ruhoy and
Saneto, 2014).

Other conditions that can present with primary neona-
tal lactic acidosis include Sengers syndrome, given a
decrease in the expression of the adenine nucleotide
translocator (Mayr et al., 2012), mitochondrial pyruvate
carrier deficiency (Brivet et al., 2003), or primary CoQ10
deficiency caused by mutations in the COQ9 gene
(Danhauser et al., 2016).

Pyruvate carboxylase is encoded by PC.

Biochemical defects and pathophysiology

PDH complex deficiency and mitochondrial respiratory
chain deficiencies lead to disease resulting from energy
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depletion (insufficient ATP synthesis). In PDH defi-
ciency in particular, pyruvate cannot be converted to
acetyl-CoA, which, in addition to oxaloacetate, repre-
sents one of the substrates for citrate synthesis. The sim-
ilarities in dysmorphic facial features described in PDH
complex deficiency and those of fetal alcohol syndrome
are likely explained by the fact that acetaldehyde, a
metabolite of ethanol, is known to inhibit PDH activity
(Hard et al., 2001).

Pyruvate carboxylase deficiency represents not only a
defect in gluconeogenesis, but also a Krebs cycle defect.
It is necessary for converting pyruvate to oxaloacetate, so
the enzyme is important for anaplerosis of Krebs cycle
intermediates (DeVivo et al., 1977). The hyperammone-
mia and hypercitrullinemia is caused by a deficiency of
aspartate, as the latter is interconverted with oxaloace-
tate, and is an important urea cycle substrate for argini-
nosuccinate synthetase. The increased lysine is caused
by decreased concentrations of a-ketoglutarate, neces-
sary for the mitochondrial catabolism of lysine. The
increased proline is caused by inhibition of proline oxi-
dase by lactic acid. The paradoxical ketosis is caused by
increased availability of pyruvate for conversion into
acetyl-CoA, a precursor to ketone body formation.

Treatment and outcomes

Sodium bicarbonate or dichloroacetate can be used to
neutralize the lactic acid. Thiamine is frequently used
in patients with PDH deficiency (Patel et al., 2012);
responsiveness to thiamine (>400 mg/day) is more likely
in those presenting after the first year of life, and with
relapsing ataxia or possibly Leigh syndrome rather than
with neonatal lactic acidosis or callosal anomalies (van
Dongen et al., 2015). Ketogenic diet is used as a means
of replenishing acetyl-CoA for citrate synthesis and is
associated with clinical improvements in the areas of sei-
zures, ataxia, sleep disturbance, and neurocognitive
development (Sofou et al., 2017).

In pyruvate carboxylase deficiency, on the other hand,
ketogenic diet is contraindicated, as it can worsen the
ketoacidosis. One patient with the type B form was trea-
ted with high doses of citrate and aspartate, leading to
some improvement in metabolic control—manifested
by decreased lactate and ketone levels and near normal-
ization of plasma amino acids—but the neurologic out-
come still remained poor (Ahmad et al., 1999).
Triheptanoin has also been used for the purpose of
replenishing Krebs cycle intermediates; in one patient
itled to marked metabolic improvement and even clinical
improvement without evidence of neurodegeneration;
however, the patient died during an episode of intercur-
rent illness (Mochel et al., 2005). In 2 other patients, it led

to no clinical or biochemical improvement (Breen et al.,
2014). One patient underwent orthotopic liver transplan-
tation, which completely reversed the ketoacidosis and
the renal tubular abnormalities, and it also decreased
the lactic acidosis, but the preexisting brain damage
remained unaltered (Nyhan et al., 2002).

NONKETOTIC HYPERGLYCINEMIA
(GLYCINE ENCEPHALOPATHY)

Clinical symptoms

Patients with classic nonketotic hyperglycinemia (NKH)
present with neonatal apnea, hypotonia, and seizures.
Ninety percent of patients will have seizures, starting
during the first month of life in 75% of cases (Hoover-
Fong et al., 2004). About two-thirds of neonates will
require ventilatory support during the first 10-20 days
of life, and about one-third of all patients will die in
the newborn period. Of those who survive, severe intel-
lectual disability is the rule, with up to 20% eventually
learning how to walk or how to say or sign words
(Hoover-Fong et al., 2004).

Neuroimaging findings commonly include hypopla-
sia of corpus callosum and restricted diffusion of fibers
that are myelinated at birth, such as the posterior limb
of the internal capsule and the corticospinal tracts
(Khong et al., 2003; Zubarioglu et al., 2016), although
this latter finding disappears after infancy (Mourmans
et al., 2006). A glycine peak at 3.5 ppm can also be
detected by magnetic resonance spectroscopy (Heindel
et al., 1993; Huisman et al., 2002).

Laboratory findings include an elevation of both
plasma and CSF glycine concentrations. The CSF/
plasma glycine ratio is higher than 0.08 in the severe clas-
sic form of the disease, while a cutoff of 0.04 is used for
the attenuated classic form of the disease. A variant form
of NKH also exists, which can be accompanied by an ele-
vated concentration of lactate and certain organic acids
such as o-ketoglutarate and aminoadipic acid. Other
causes of hyperglycinemia include organic acidemias
such as propionic acidemia, methylmalonic acidemia, iso-
valeric acidemia, and 3-ketothiolase deficiency (although
these cause ketotic hyperglycinemia), valproate adminis-
tration, PNPO deficiency, and perinatal hypoxic—ischemic
injury due to breakdown of the blood—brain barrier leading
to increased CSF glycine concentration (Van Hove
et al., 1993).

Genes

Glycine is catabolized by the glycine cleavage system
(GCS), composed of four proteins, and is fully expressed
in the mitochondria of liver, kidney, and brain cells
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(Kikuchi et al., 2008). The four components are: (1) the
P-protein, a pyridoxal phosphate-dependent glycine
decarboxylase, encoded by the GLDC gene; (2) the
T-protein, a tetrahydrofolate-requiring aminomethyl
transferase, encoded by the AMT gene; (3) the
H-protein, a lipoic acid—containing carrier protein; and
(4) the L-protein, or dihydrolipoamide dehydrogenase;
the gene encoding this latter protein is still unknown,
as controversy remains regarding the possibility of the
E3-encoding DLD being the culprit gene. Mutations in
GLDC account for 75%-80% of patients, while muta-
tions in AMT account for 15%—-20%, and mutations in
GCSH explain less than 1% (Van Hove et al., 1993).

Variant NKH can be caused by mutations in: (1)
LIPT?2, due to impaired transfer of octanoic acid from
an acyl carrier protein to the H-protein (Habarou et al.,
2017); (2) LIAS, due to impaired lipoic acid synthesis
from octanoic acid in the H-protein (Baker et al.,
2014); and (3) mutations in NFUI, IBA57, ISCA2,
GLRX5, and BOLA3, from deficient synthesis of the
iron—sulfur cluster needed for the lipoic acid synthetase
(Tort et al., 2016).

A form of glycine encephalopathy with normal serum
glycine was recently described, caused by mutations in
SLC6A9, encoding the glycine transporter 1 (Kurolap
et al.,, 2016). This transporter is expressed mainly on
astrocytes and is essential for clearance of glycine from
the synaptic cleft. Mutations in SLC6435, encoding the
glycine transporter 2 expressed at glycinergic presynap-
tic terminals and needed for refilling presynaptic vesi-
cles, are associated with hyperekplexia. The latter is
characterized by generalized stiffness and exaggerated
startle reflexes triggered by unexpected loud sounds or
tactile stimulation and can also be caused by mutations
in GLRAI or GLRB, genes encoding glycine receptor
subunits.

Biochemical defects and pathophysiology

Glycine is normally catabolized by the glycine cleavage
system, the main activity of which is expressed in the
liver. Patients with defects in the P-protein typically have
no residual enzyme activity, while patients with defects
in the T-protein can have activity up to 25% of normal
values (Van Hove et al., 1993).

Glycine is a major neurotransmitter, which can be
both inhibitory and excitatory, depending on the specific
receptors to which it binds. By binding to glycine recep-
tors, it acts as an inhibitory neurotransmitter, while it can
also be a coagonist for excitatory glutamatergic NMDA
receptors.

Variant NKH is caused by defects in the synthesis or
incorporation of lipoic acid, needed for the function of

the core H-protein. Since lipoic acid is also needed as
a cofactor for PDH, a-ketoglutarate dehydrogenase,
and a-ketoadipate dehydrogenase, patients with variant
NKH can have increased levels of lactate and organic
acids such as a-ketoglutarate and aminoadipic acid.

Treatment and outcomes

Benzoate is used with the purpose of decreasing plasma
glycine concentrations between 120 and 300 umol/L, as
it conjugates to glycine to form hippuric acid, which is
readily excreted in the urine. Benzoate is beneficial to
decrease the number of seizures and increase alertness.
Dextromethorphan and ketamine can be tried, given their
effect as NMDA receptor antagonists. Regardless of
treatment, neurologic outcomes remain poor for the clas-
sic severe form of the disease. Valproic acid should be
avoided, as it inhibits the glycine cleavage system.

MOLYBDENUM COFACTOR DEFICIENCY
AND ISOLATED SULFITE OXIDASE
DEFICIENCY

Clinical symptoms

The presenting features of this condition include seizures
in 72%, feeding difficulties in 26%, hypotonia in 11%,
developmental delay in 9%, hemiplegia in 2%, and lens
dislocation in 2%. Median age at onset is in the first day
of life, with a median diagnostic delay of 89 days
(Mechler et al., 2015). Seizures are typically intractable.
Hyperekplexia can also be seen (Macaya et al., 2005;
Holder et al., 2014), and, in fact, was seen in 5 of 9
patients in one series (Zaki et al., 2016).

The typical neuroimaging finding is that of
T2-weighted hyperintensity, as well as hyperintense sig-
nal on DWI with hypointensity on apparent diffusion
coefficient (i.e., restricted diffusion) in the cortex and
subcortical white matter, suggestive of cytotoxic edema.
Sometimes there is sparing of the frontal or temporal
areas (Poretti et al., 2013). Subsequently, the edema
decreases and cystic encephalomalacia appears (sce
Fig. 22.2, obtained from a 1-day-old patient with isolated
sulfite oxidase deficiency) (Sass et al., 2010). Both the
clinical and neuroradiologic changes can mimic those
of hypoxic—ischemic encephalopathy (Topcu et al.,
2001; Hobson et al., 2005), but they tend to be more
severe (Hoffmann et al., 2007). Poor gyration and poor
differentiation of cortical layers can be appreciated on
fetal MRI as early as 21 weeks’ gestation (Lee
et al., 2017a).

Uric acid concentrations are low while xanthine levels
are high in molybdenum cofactor deficiency, but normal
in isolated sulfite oxidase deficiency. Elevated urine
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Fig. 22.2. Sagittal (left) and axial (right) T2-weighted imaging showing multiple cystic changes in a 3-day-old girl with isolated

sulfite oxidase deficiency.

sulfite and S-sulfocysteine, as well as low cysteine con-
centrations, are seen in both conditions. The urinary
levels of a-aminoadipic semialdehyde (AASA) are also
elevated in both conditions (Mills et al., 2012).

Genes

MOCS] is necessary for the synthesis of cyclic pyranop-
terin monophosphate (cPMP) from guanosine triphos-
phate (GTP), while MOCS2 and MOCS3 encode
enzymes that convert cPMP into molybdopterin, and
the latter is converted to molybdenum cofactor by
gephyrin (encoded by GPHN). Mutations in MOCS!
cause molybdenum cofactor deficiency type A; a muta-
tion in MOCS? causes type B, while mutations in GPHN
are associated with type C (Atwal and Scaglia, 2016).
Around two-thirds of patients have mutations in MOCS|.
Sulfite oxidase is encoded by SUOX.

Biochemical defects and pathophysiology

The enzymes requiring molybdenum cofactor include
sulfite oxidase (which converts sulfite to sulfate), xan-
thine oxidase (catalyzing the conversion of xanthine to
uric acid), aldehyde oxidase, and mitochondrial amidox-
ime reducing component (Atwal and Scaglia, 2016).
Thus, an inability to synthesize molybdenum cofactor
will lead not only to a deficiency of sulfite oxidase,
but also to a deficiency of the other three enzymes.
The accumulation of sulfite stems from the deficiency
of sulfite oxidase, while the decrease in cysteine concen-
tration is a result of the conjugation of sulfite with cyste-
ine to form S-sulfocysteine, a diagnostic marker. The
accumulation of sulfite also leads to inhibition of specific
enzymes, such as AASA dehydrogenase (Mills et al.,
2012). The increase in urinary xanthine and decrease

in uric acid are a result of the decreased activity of xan-
thine oxidase in the absence of molybdenum cofactor;
this also explains why both are normal in the setting of
isolated sulfite oxidase deficiency.

Treatment and outcomes

Median survival is 36 months (Mechler etal., 2015). Bio-
chemical and neurodevelopmental improvement can be
seen in patients with molybdenum cofactor deficiency
type A who are treated with cPMP infusions, as long
as treatment is started as early as possible (Schwahn
et al., 2015).

DISORDERS OF GABA METABOLISM
Clinical symptoms

GABA transaminase deficiency presents with symptoms
of neonatal or infantile encephalopathy, including severe
intellectual disability, hypotonia, hyperreflexia, a high-
pitched cry, refractory epilepsy, and accelerated linear
growth from increased growth hormone (GH) concentra-
tions, the latter likely related to the GH-releasing effect of
GABA (Medina-Kauwe et al., 1999). Hypersomnolence
was found in all patients diagnosed to date (Besse et al.,
2016; Koenig et al., 2017), and choreoathetosis has also
been described (Koenig et al., 2017; Nagappa et al.,
2017). Symptoms can start a few days after birth
(Jacken et al., 1984), and in fact neonatal onset was noted
in 4 of 10 patients (Koenig et al., 2017). Brain MRS can
identify elevated GABA (Tsuji et al., 2010), with a peak
between 2.2 and 2.4 ppm (Nagappa et al., 2017). Charac-
teristic laboratory findings include elevated GABA and
beta-alanine levels in CSF and plasma (Medina-Kauwe
et al., 1999).
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Succinic semialdehyde dehydrogenase (SSADH)
deficiency is associated with developmental delay and
intellectual disability in all patients, hypotonia in 82%,
ataxia in 77%, and seizures in 45% (Pearl et al., 2009).
Mean age of onset is 11 months, but it can present in
the neonatal period. Neuroimaging reveals pallidal, den-
tate, and subthalamic nucleus T2 hyperintensities (Ziyeh
et al., 2002; Pearl et al., 2009). Urine organic analysis
shows marked elevation of 4-hydroxybutyric acid (also
known as gamma-hydroxybutyric acid or GHB). Other
elevated organic acids include 4,5-dihydroxyhexanoic
acid, 3-hydroxyproprionic acid, and dicarboxylic acids
(Brown et al., 1987).

Genes

GABA transaminase is encoded by ABAT, while SSADH
is encoded by ALDH5AI.

Biochemical defects and pathophysiology

GABA is metabolized to succinic semialdehyde by
GABA transaminase, while SSADH metabolizes succi-
nic semialdehyde to succinic acid. GABA is the main
inhibitory neurotransmitter and is known to play a role
in the pathogenesis of seizures in SSADH deficiency
(Wu et al., 2006). In addition, GABA transaminase is
also known to play a role in the mitochondrial nucleoside
salvage pathway, as it converts ANDPs to dNTPs (Besse
et al., 2015).

The 4-hydroxybutyric acid derives from succinic
semialdehyde, while 4,5-dihydroxyhexanoic acid arises
from condensation with a two-carbon intermediate in
the PDH reaction, 3-hydroxyproprionic acid derives
from alpha-oxidation of 4-hydroxybutyric acid, and the
dicarboxylic aciduria results from secondary inhibition
of mitochondrial beta-oxidation (Brown et al., 1987;
Jakobs et al., 1993).

Treatment and outcomes

Flumazenil, a GABA-A receptor antagonist, has been
used in two patients, leading to clinical and electrogra-
phical improvement in one, but no clinical benefit in
another (Koenig et al., 2017). In theory, vigabatrin
should be avoided, as it is an irreversible inhibitor of
GABA transaminase (Besse et al., 2016).

Treatment of SSADH is symptomatic. A clinical trial
of SGS-742, a GABA-B receptor antagonist, is currently
taking place. It should be noted that valproic acid inhibits
any residual SSADH enzyme activity, although it has
been used in a few patients with improved seizure control
(Vanadia et al., 2013).

PYRIDOXINE-DEPENDENT EPILEPSY
Clinical symptoms

Pyridoxine-dependent epilepsy (PDE) due to antiquitin
(ATQ) deficiency typically presents with neonatal or
early infantile seizures, which are refractory to pharma-
cologic anticonvulsive treatment but responsive to pyri-
doxine (vitamin B6) treatment. Seizures may occur
in utero, with onset at the end of the last trimester.

The encephalopathy in neonates with ATQ deficiency
may present as hyperalertness, motor hyperactivity,
insomnia, and feeding refusal, resembling withdrawal
from intrauterine substance exposure. Coexisting signs
of birth asphyxia/perinatal stress are frequently encoun-
tered. Prolonged episodes of mixed multifocal myo-
clonic tonic symptoms, associated with grimacing and
abnormal eye movements, are typical. Neonatal lactic
acidosis, hypoglycemia, and electrolyte disturbances
have been reported.

Milder variants with self-limited seizures (general-
ized, partial, atonic, myoclonic, infantile spasms), initial
response to common anticonvulsants, and later child-
hood onset, (up to 3 years of age) may account for up
to 30% of cases. Breakthrough seizures may occur dur-
ing episodes of febrile illness or gastroenteritis, which
reduces the bioavailability of pyridoxine.

Although there are no specific imaging findings in
ATQ deficiency, mega cisterna magna, neuronal migra-
tion abnormalities, and progressive hydrocephalus
requiring shunting have been reported in several patients,
and varying degrees of cerebral atrophy have been
described in late-diagnosed patients. White matter abnor-
malities are present in neonates and may resolve within
the first year of life, while they can also be progressive
over time. Intracerebral and retinal bleedings as well as
intrauterine subependymal cysts add to the myriad of
changes. ATQ is expressed within glial cells in the brain,
and its dysfunction in PDE is associated with neuronal
migration abnormalities and other structural brain
defects, which might explain the limited developmental
outcomes.

Gene

ALDH7A41 encodes for o-aminoadipic-semialdehyde
dehydrogenase (AASAD) (also known as ATQ), the
function of which lies in the catabolism of lysine.

Biochemical defects and pathophysiology

AASAD catalyzes the conversion of AASA and P6C into
a-aminoadipic acid. Elevated concentration of
a-aminoadipic semialdehyde («-AASA) and P6C in
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urine and plasma are a strong biomarker of the disorder;
pipecolic acid may also be elevated in plasma and
cerebrospinal fluid.

In ATQ deficiency, accumulating P6C results in a
spontaneous chemical reaction with pyridoxal phosphate
(PLP) and its inactivation via formation of a P6C-PLP
complex. The accumulation of a-AASA, a reactive semi-
aldehyde, might undergo multiple chemical reactions
within the cell and thus interact with various metabolic
pathways. Finally, the biochemical fate and potential
toxicity of the PLP/P6C complex is unknown.

Treatment and outcomes

Treatment consists of the administration of 100mg of
pyridoxine intravenously, in a controlled setting, given
that a sizable proportion of patients can develop apnea.
Clinical seizures typically cease several minutes after
administration of pyridoxine, while electrographic sei-
zures can show a lag of several hours before resolution
(Gospe, 1993). If there is no clinical response, the dose
can be repeated up to a maximum of 500 mg. Alterna-
tively, oral pyridoxine can be tried at a dose of
30mg/kg/day, but in those cases, cessation of seizures
might take up to 1 week. Chronic management also
involves oral pyridoxine supplementation; during an
acute illness, the daily dose of pyridoxine may be dou-
bled for several days. It should be noted that pyridoxine
overuse can cause a reversible sensory neuropathy that is
seen typically with doses exceeding 900 mg/day but not
with doses under 500 mg/day (Morris et al., 2017).

While treatment with pyridoxine compensates chem-
ical PLP inactivation, it does not reduce the accumulation
of lysine degradation products. These potentially neuro-
toxic compounds could explain the limited efficacy of
pyridoxine, as 75%-80% of patients suffer intellectual
disability despite excellent seizure control. Thus, a triple
therapy was introduced consisting of pyridoxine, dietary
lysine restriction to limit the neurotoxic metabolite accu-
mulation, and L-arginine to compete for brain lysine
influx and liver mitochondrial import (van Karnebeek
et al., 2012a). Several studies report the effects of triple
therapy, which reduced CSF, plasma, and urine bio-
markers associated with neurotoxicity in PDE and
appeared to improve neurodevelopmental outcomes
(Coughlin etal., 2015). In such cases, residual symptoms
might be related to early injury.

PYRIDOX(AM)INE-5-PHOSPHATE
OXIDASE DEFICIENCY

Clinical symptoms

The clinical presentation of PNPO deficiency is not distin-
guishable from PDE. Neonatal epileptic encephalopathy

is frequently associated with prematurity. Seizure semiol-
ogy may be tonic, clonic and myoclonic, focal or general-
ized, with burst suppression patterns and hypsarrhythmia
on the EEG; onset is either in the neonatal period or within
the first 6 months of life. Systemic comorbidities include
anemia, coagulopathy, hypoglycemia, and lactic acidosis,
giving rise to the suspicion of a primary mitochondrial
disease.

Decreased pyridoxal-5’-phosphate (PLP) values in
CSF of affected neonates have been reported. Because
PLP is an essential cofactor of aromatic amino acid
decarboxylase (AADC), reduced PLP synthesis in PNPO
deficiency results in AADC-like neurotransmitter
changes, including decreased serotonin (hydroxyindola-
cetic acid, HIAA) and dopamine (homovanillic acid,
HVA) markers, and elevated 3-O-methydopa, vanillactic
acid, and 5-hydroxytryptophan.

Gene

Biallelic mutations in PNPO cause this defect.

Biochemical defects and pathophysiology

PNPO catalyzes the synthesis of PLP from pyridoxine
and pyridoxamine. It requires flavin mononucleotide
(riboflavin-5'-phosphate) as a tightly bound (prosthetic)
cofactor. Because of the inability to produce sufficient
amounts of pyridoxal out of pyridoxine and pyridox-
amine, patients with PNPO deficiency have reduced
capacity to generate PLP, which is the active form of
vitamin B6. There is no specific diagnostic marker for
PNPO deficiency. Thus, in every patient at risk, molec-
ular analysis of the PNPO gene is required to establish
the diagnosis. Clinical responsiveness to pyridoxine
does not exclude PNPO deficiency, and patients who
are PDE negative for ATQ deficiency should be tested
for PNPO deficiency. Because seizure exacerbation has
been reported with high PLP dosages, PNPO mutation
analysis might be considered in this type of patient
as well.

Other genetic defects that may present as vitamin
B6-responsive epilepsies include PROSC deficiency
(Darin et al., 2016), hypophosphatasia (Baumgartner-
Sigl et al, 2007), hyperprolinemia type 2 (Farrant
et al., 2001), and GPI anchoring defects (Thompson
et al., 2006).

Treatment and outcomes

Based on clinical responsiveness there seem to be at least
three groups of patients: (1) patients who exclusively
respond to PLP; (2) patients who respond to pyridoxine
and PLP; and (3) patients who respond to pyridoxine but
deteriorate upon PLP. Mutations affecting the binding
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site of pyridoxine might explain why some patients
respond to it. For PLP, the usual administered dosages
vary between 30 and 60 mg/kg/day; liver function should
be monitored during treatment, as abnormalities varying
from elevated transaminases to fibrosis have been
reported.

Because PNPO is a flavin mononucleotide-dependent
enzyme, patients might benefit from riboflavin supple-
mentation, particularly in the case of a mutation affecting
the binding site to this cofactor. There are no reports
about prenatal treatment of PNPO deficiency with PLP
or pyridoxine.

There is limited information about long-term out-
comes of treated PNPO deficiency. Compared to ATQ
deficiency, outcomes seem to be less favorable. Seizure
control is variable. Most children show marked develop-
mental delay/intellectual disability, but there are also
patients with minor or no cognitive impairments.

SERINE BIOSYNTHESIS DISORDERS
Clinical symptoms

The most common serine biosynthetic defect is
3-phosphoglycerate dehydrogenase (3-PGDH) defi-
ciency. In the severe infantile form, patients present with
congenital microcephaly, intractable seizures, and severe
psychomotor retardation. Seizures can occur shortly
after birth and show a limited response to standard
antiepileptic drugs. Several seizure types have been
observed in 3-PGDH deficiency; infants can present with
classical West syndrome or can display a wide variation
of clinical seizures such as tonic—clonic seizures, tonic
seizures, atonic seizures, gelastic seizures, and myo-
clonic seizures. The EEG patterns also vary, as both hyp-
sarrhythmia and multifocal seizure activity evolving
toward Lennox—Gastaut syndrome have been observed
in infants and children with 3-PGDH deficiency. On
brain MRI, hypomyelination and severe white matter
atrophy can be observed. The neurologic abnormalities
arise before birth, given the congenital microcephaly.
Milder presentations have been described, and this
juvenile form presents with seizures of different types
occurring during childhood and developmental delays
that were mild to moderate with normocephaly.
Phosphoserine aminotransferase (PSAT) deficiency
and phosphoserine phosphatase (PSPH) deficiency are
rarer. The reported features include acquired microceph-
aly, treatment-resistant seizures, psychomotor delay,
hypertonia, and feeding difficulties. All forms of serine
biosynthesis defects can also present with extraneurolo-
gic features, particularly ichthyosis, while the more
severe form of the disease is characterized by
multiple congenital anomalies including ITUGR, arthro-
gryposis, hypoplastic eyelids with ectropion, eclabion,

micrognathia, lissencephaly, and premature death, a phe-
notype known as Neu-Laxova syndrome (Acuna-
Hidalgo et al., 2014; Shaheen et al., 2014).

The diagnosis of serine deficiency can be made
relatively easily with routine amino acids analyses of
plasma and CSF, but one should bear in mind that
plasma amino acid concentrations are influenced by
the diet and therefore need to be taken after an overnight
fast. Amino acids in CSF are not influenced by dietary
absorption of amino acids and are, therefore, preferred.
Additional biochemical markers in CSF are low con-
centrations of 5-methyltetrahydrofolate (5-MTHF)
and D-serine.

Biochemical defects and pathophysiology

Three main enzymes are required to convert phospho-
glycerate into L-serine, namely 3-PGDH, PSAT, and
PSPH. The essential role of the de novo synthesis of
the amino acid L-serine in the development and function-
ing of the CNS is illustrated by the severity of the pheno-
types and the response to prenatal treatment. L-serine
displays many metabolic functions during different
developmental stages, including the provision of precur-
sors for amino acids (in particular glycine), protein syn-
thesis, nucleotide synthesis, neurotransmitter synthesis,
and L-serine derived lipids.

Genes

Biallelic mutations in three genes cause the inborn errors
of L-serine biosynthesis: 3-PGDH, PSAT, and PSPH.

Treatment and outcomes

Therapy is straightforward, i.e., oral or enteral admin-
istration of L-serine 200-600 mg/kg/day until normal-
ization of L-serine in blood and ideally in CSF. If
seizures persist, glycine should be added up to a maxi-
mal dose of 200mg/kg/day. In cases with low
S-methyltetrahydrofolate (5-MTHF), additional treat-
ment with folinic acid (10 mg/day) should be provided.
Oral L-serine supplementation has proven to be
effective in the treatment of seizures in these patients,
especially those with 3-PGDH deficiency; also, a
remarkable increase of white matter volume on MRI
has been noted. The effect of therapy on the patients’
psychomotor development during long-term follow-up
was much less. Prenatal treatment of a mother with
L-serine has proven effective; 1 case with 3-PGDH
deficiency born to a mother who was treated from
week 27 onward did not develop any of the neurologic
symptoms of the disorder (de Koning et al., 2004).
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LYSOSOMAL STORAGE DISORDERS
Clinical symptoms

Type 2, or acute neuronopathic Gaucher disease, is a
progressive neurodegenerative condition with death
occurring within the first few years of life. Neurologic
manifestations can include arthrogryposis, hypokinesia,
microcephaly, rigidity, and neck retroflexion followed
by frank opistothonus and brainstem involvement with
convergent strabismus, poor suck and swallow reflexes,
dysphagia, aspiration, and apnea (Gupta et al., 2011;
Weiss et al., 2015). Myoclonus, seizures, and supranuc-
lear gaze palsy can also occur. Extraneurologic involve-
ment includes congenital splenomegaly and frequently
hepatomegaly. Two characteristic findings that should
raise suspicion for this disease include hydrops fetalis
and neonatal ichthyosis, the latter sometimes leading to
a collodion baby phenotype.

The neonatal form of Farber disease, also called type
4, presents with severe neurologic disease, such as joint
contractures, and extraneurologic manifestations, such
as hepatosplenomegaly, lymphadenopathy, and throm-
bocytopenia (Antonarakis et al., 1984; Nowaczyk
et al., 1996). It can also be accompanied by hydrops
fetalis (Alves et al., 2013), cholestasis (Willis et al.,
2008), and macular cherry-red spots (Nowaczyk et al.,
1996). The classic triad of arthropathy, subcutaneous
nodules, and hoarseness is initially absent in this form
of the disease, which is associated with death in the first
year of life.

The deficiency of prosaposin—also known as com-
bined saposin deficiency or Farber disease type 7—
causes a neonatal form of neurodegeneration presenting
immediately after birth with hyperkinetic movements,
multifocal myoclonus, respiratory insufficiency, general-
ized seizures, and hepatosplenomegaly, gyration abnor-
malities on neuroimaging, and death within the first
few months of life (Harzer et al., 1989; Schnabel et al.,
1992; Elleder et al., 2005; Kuchar et al., 2009). It can
present prenatally with joint contractures (Harzer et al.,
1989). It can be confused with Gaucher disease type 2,
particularly considering that both have decreased
enzyme activity of glucocerebrosidase. However, clues
aiding the clinician in making the correct diagnosis
include lysosomal enzyme assays revealing deficiency
not only of glucocerebrosidase but also ceramidase and
galactocerebrosidase, and sphingolipid assays in tissues
or urine showing increased concentrations of multiple
sphingolipids.

The classic form of Krabbe disease, or globoid cell
leukodystrophy, presents between 3 and 6 months of
age, after a normal neonatal period, with irritability, spas-
ticity, hypersensitivity to external stimuli, and severe

mental and motor deterioration. Symptoms can, how-
ever, start in the neonatal period, as early as the first
day of life (Clarke et al., 1981; Zafeiriou et al., 1997,
Sahai et al., 2005), and hypotonia is not always preceded
by spasticity in cases of neonatal onset. On neuroimag-
ing, aside from the leukodystrophy seen on MRI, patients
can also have intracranial calcifications (Livingston
et al., 2012) or optic nerve enlargement (Castilha-Neto
et al., 2012), but can be deceptively normal in the first
few months of life (Zafeiriou et al., 1997; Kamate and
Hattiholi, 2011).

Symptoms of the classic infantile-onset Pompe dis-
ease include cardiomegaly in 92%, hypotonia in 88%,
muscle weakness in 63%, respiratory distress in 78%,
feeding difficulties in 57%, and failure to thrive in
53% of patients (Kishnani et al., 2006). Median age
at presentation was 2 months but patients can present
in the neonatal period, while median age at initiation
of ventilator support is 5.9 months and median age at
death is 8.7 months. Pompe disease should always be
considered in the differential diagnosis of floppy baby
syndrome (Howell et al., 2006), especially since earlier
treatment is associated with better outcomes (Yang
et al., 2016).

Genes

Gaucher disease is caused by mutations in the GBA gene,
Farber disease by mutations in ASAH, prosaposin by
mutations in PSAP, Krabbe disease by mutations in
GALC, and Pompe disease by mutations in GAA.

Biochemical defects and pathophysiology

Gaucher disease is caused by a deficiency of glucocereb-
rosidase, which cleaves glucosylceramide into glucose
plus ceramide. Krabbe disease is caused by the defi-
ciency of galactocerebrosidase, which is responsible
for the degradation of galactocerebroside to ceramide
and galactose. Farber disease represents a deficiency of
acid ceramidase, which cleaves ceramide into sphingo-
sine and a fatty acid.

Four sphingolipid activator proteins, also known as
SAPs or saposins, are derived from the same precursor
protein, prosaposin. These four saposins are highly
homologous, each about 80 amino acids long
(Schuette et al., 2001). Sap-A and Sap-C are activators
for galactocerebrosidase and glucocerebrosidase, Sap-
B activates arylsulfatase @A, o-galactosidase,
[-galactosidase and sphingomyelinase, and Sap-D acti-
vates ceramidase and sphingomyelinase (Fiirst and
Sandhoff, 1992).

Pompe disease stems from a deficient enzymatic
activity of a-glucosidase, also known as acid maltase.



INBORN ERRORS OF METABOLISM 467

Treatment and outcomes

Enzyme replacement therapy (ERT) does not facilitate
neurologic improvement in the neuronopathic form of
Gaucher disease, as it does not cross the blood—brain bar-
rier; however, it has been used in some cases as a palli-
ative agent in order to decrease visceral manifestations of
the disease, such as splenomegaly (Weiss et al., 2015).

Although hematopoietic stem cell transplantation
has been performed successfully in a few patients with
Farber disease and without neurologic involvement
(Vormoor et al., 2004; Ehlert et al., 2006), it did not
prevent neurocognitive decline in 1 patient (Yeager
et al., 2000).

Treatment with hematopoietic stem cell transplanta-
tion is controversial in Krabbe disease. In children
who were transplanted postsymptomatically, there was
minimal neurologic improvement (Escolar et al.,
2005); however, it might be associated with improved
survival (Langan et al., 2016). On the other hand, trans-
plant performed in presymptomatic patients led to devel-
opmental progress and progression of myelination in one
series (Escolar et al., 2005), while in another series, 2 of 4
patients who were diagnosed via newborn screening
survived with moderate to severe disability, while the
other 2 died from transplant-related complications
(Orsini et al., 2016).

There is no treatment for prosaposin deficiency.

Pompe disease is treated by ERT with alglucosidase
alfa. The enzyme is targeted to the lysosomes due to man-
nose 6-phosphate tags. ERT leads to a 79% decrease in
risk of death and a 58% decrease in risk of invasive ven-
tilation, while the left ventricular mass index improved or
remained normal in all patients (Nicolino et al., 2009).
The fact that the heart responds to ERT more favorably
than skeletal muscle does is likely related to the fact that
it has a higher number of mannose 6-phosphate receptors
(Wenk et al., 1991). Patients who are negative for cross-
reacting immunologic material (CRIM) develop higher
titers of antibodies against the infused enzyme that lead
to poorer outcomes (Kishnani et al., 2010), and they may
need to undergo immune tolerance induction (Messinger
et al.,, 2012). Despite ERT, long-term survivors com-
monly manifest residual motor weakness, hypernasal
speech, dysphagia with aspiration risk, hearing loss,
osteopenia, and risk for arrhythmias (Prater et al., 2012).

PEROXISOMAL DISORDERS
Clinical symptoms

Peroxisomal disorders can be classified into two groups:
(1) those characterized by multiple defects in peroxi-
somal function (peroxisomal biogenesis disorders, or

PBDs) and (2) those characterized by single-enzyme
deficiencies. The PBDs can, in turn, be divided into
the Zellweger spectrum and rhizomelic chondrodyspla-
sia punctata (RCDP) type 1. Finally, PBD Zellweger
spectrum is, in turn, subdivided into Zellweger syndrome
(the most severe end of the spectrum), neonatal adreno-
leukodystrophy (NALD, an intermediate phenotype),
and infantile Refsum disease (the mildest end of the
spectrum).

Zellweger syndrome, also known as cerebrohepator-
enal syndrome, presents with severe hypotonia, neonatal
seizures, severe developmental delay, failure to thrive,
liver dysfunction with cholestasis, and coagulopathy.
The kidneys can have multiple cysts, although these
are often microscopic. Typical dysmorphic features
include a tall forehead, enlarged anterior fontanel,
hypoplastic supraorbital ridges, epicanthal folds, and flat
facial profile. Sensorineural hearing loss and cataracts
are common. Primary adrenal insufficiency is found in
29% of patients (Berendse et al., 2014). X-rays often
reveal stippled calcifications, more common in the
patella and Y-cartilage of the hip (Williams et al.,
1972). Neuroimaging reveals perisylvian polymicro-
gyria, delayed myelination, germinolytic cysts, ventricu-
lar dilatation (Poll-The and Gartner, 2012) and cerebellar
hypoplasia in some. A lipid peak on brain MRS was
found in the white matter in 4 of 5 patients (Rosewich
et al., 2016).

Patients with the classic form of RCDP type 1 present
with shortening of the humeri and, to a lesser extent, the
femora, stippling of the epiphyses, coronal clefts of the
vertebral bodies, joint contractures, and congenital
cataracts. Growth parameters are at the lower limit of nor-
mal at birth, but progress to profound growth deficiency
postnatally (Braverman et al., 1993). Congenital cardiac
anomalies are seen in 40%—60% of patients (Huffnagel
et al., 2013; Duker et al., 2016). Cervical spinal stenosis
and cord compression are common (Abousamra et al.,
2017). Seizures are seen in 84% of patients, and all have
severe intellectual disability; in one series, no patient was
ever able to lift their head when prone, sit without support,
stand with limited support, feed themselves, or achieve
toilet training (White et al., 2003).

Genes

PBD Zellweger spectrum is caused by mutations in
one of 12 different peroxins necessary for the formation,
proliferation, growth, or assembly of peroxisomes. PEX]
accounts for 58% of cases, PEX6 for 16%, and PEX]2
for 9%, while the rest are caused by mutations in
PEX2, PEX3, PEXS5, PEXZI0, PEXI3, PEXIA4,
PEXI16, PEX19, and PEX26 (Ebberink et al., 2011).
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Enzymes are targeted to the peroxisomes by the
presence of a peroxisomal targeting signal (PTS), of
which there are two, PTS1 and PTS2. Most peroxisomal
proteins contain the PTS1 sequence, while only three
enzymes contain the PTS2 sequence: alkylglycerone
phosphate synthase, phytanoyl-CoA hydroxylase, and
3-ketoacylthiolase (Wanders and Waterham, 20006).
RCDP type 1 is caused by mutations in PEX7, the
PTS2 receptor (Braverman et al., 1997), while a novel
type of RCDP is caused by mutations resulting in the loss
of only the long isoform of PEXS (Baroy et al., 2015).
PEX5 encodes a long and a short isoform; while both
isoforms recognize proteins that contain PTSI, only
the long isoform acts as a PTS2 coreceptor.

Biochemical defects and pathophysiology

Some of the functions of the peroxisomes include the
B-oxidation of straight very long-chain fatty acids and
of a branched-chain fatty acid (i.e., pristanic acid), the
B-oxidation of dicarboxylic fatty acids, o-oxidation of
branched-chain fatty acids (i.e., phytanic acid), synthesis
of plasmalogens and bile acid, and the catabolism of
lysine. Patients with PBD Zellweger spectrum have
abnormalities in all of these functions, and thus have
increased concentrations of very long-chain fatty acids,
dicarboxylic acids and phytanic acid, decreased concen-
trations of plasmalogens, and increased concentrations of
bile acid intermediates (dihydroxycholestanoic and tri-
hydroxycholestanoic acids) and pipecolic acid (a metab-
olite in the lysine degradation pathway), respectively. It
should be noted that the accumulation of phytanic acid
relies upon dietary intake and, since the amount of
phytanic acid in breast milk is low, newborns can have
normal phytanic acid concentrations.

RCDP type 1 is caused by a decreased import of per-
oxisomal proteins containing the PTS2 sequence, and
thus patients only have decreased levels of plasmalogens
(given deficient activity of alkylglycerone phosphate
synthase) and increased levels of phytanic acid (given
deficiency of phytanoyl-CoA hydroxylase); however,
the concentrations of very long-chain fatty acids and
pipecolic acid are normal. Other forms of RCDP exist,
caused by deficiencies in single enzymes involved in
the biosynthesis of plasmalogens, such as glyceronepho-
sphate O-acyltransferase (encoded by GNPAT and asso-
ciated with RCDP type 2) and alkylglycerone phosphate
synthase (encoded by AGPS, associated with RCDP
type 3).

Other  single-enzyme  deficiencies  include
p-bifunctional protein (encoded by HSDI7B4 and
responsible for the second and third steps in B-oxidation
of straight very long-chain and branched-chain fatty
acids), and of acyl-CoA oxidase (encoded by ACOXI

and required for the first step in the P-oxidation of
straight very long-chain fatty acids). p-bifunctional pro-
tein deficiency is sometimes known as pseudo-Zellweger
syndrome and is accompanied by elevation of very
long-chain fatty acids and phytanic acid, while peroxi-
somal acyl-CoA oxidase deficiency is sometimes known
as pseudo-NALD and is associated with elevated levels
of very long-chain fatty acids only.

Treatment and outcomes

Supportive therapies include treatment of seizures,
adrenal insufficiency, liposoluble vitamin deficiency,
and hearing and vision loss (Klouwer et al., 2015). Sup-
plementation with docosahexanoic acid (DHA) is
sometimes recommended, based on its importance for
brain and retinal function; however, its benefits remain
controversial, as one group reported clinical benefits
(Martinez et al., 2000; Noguer and Martinez, 2010)
while another one did not (Paker et al., 2010). Cholic
acid bypasses the block in bile acid synthesis and thus
causes feedback inhibition of the bile acid synthetic
pathway, leading to a decrease in the toxic bile acid
intermediates. It was recently approved for patients
with Zellweger spectrum who have liver disease or
decreased liposoluble vitamin absorption. It is well tol-
erated and leads to improvement of liver disease (Heubi
et al., 2017), although in a minority of patients with
advanced liver disease it might lead to an increase in
transaminases and worsening of cholestasis (Berendse
et al., 2016).

CHOLESTEROL SYNTHESIS
DISORDERS

Clinical symptoms

Mevalonate kinase deficiency is a disorder in the pre-
squalene cholesterol biosynthetic pathway, characterized
by recurrent inflammatory symptoms such as fever,
lymphadenopathy, arthralgias, and abdominal pain, with
each episode lasting typically 3—-6 days (Ter Haar et al.,
2016). Onset in the neonatal period is seen in about one-
third of patients (Bader-Meunier etal., 2011). Neurologic
symptoms include cerebellar ataxia in 3% of patients,
seizures in 5%, and intellectual disability in 2%—4%
(Zhang, 2016), although they are more common in the
more severe form of the disease, known as mevalonic
aciduria. Urine organic acid analysis reveals increased
excretion of mevalonic acid, although this finding has
a sensitivity of 92%; therefore absence of this finding
does not exclude the disease (Jeyaratnam et al., 2016).
The prototypical disorder of the postsqualene choles-
terol biosynthetic pathway is Smith-Lemli—Opitz
syndrome, a condition with multiple congenital
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anomalies and intellectual disability. Typical physical
features include growth retardation, Y-shaped 2-3 toe
syndactyly, hypospadias in 50% of affected males, cata-
racts in 20% of patients, and facial dysmorphic features
including bitemporal narrowing, ptosis, anteverted
nares, micrognathia, low-set posteriorly rotated ears,
and a narrow high-arched palate, or even a cleft palate
in 40%-50% of patients (Nowaczyk and Irons, 2012).
Microcephaly is seen in 80%—-84% of patients, while
developmental delay and hypotonia are found in the vast
majority. A characteristic behavior is that of opistokin-
esis, or sudden, rapid retropulsion of the head or torso.
Neuroimaging reveals median or paramedian structural
anomalies, such as abnormalities of the septum pelluci-
dum in 76% of patients and abnormalities of the corpus
callosum in 69% (Lee et al., 2013). A lipid peak was
found on brain MRS in 2 of 16 patients (Caruso et al.,
2004). The total cholesterol level is decreased in around
90% of patients, while 7-dehydrocholesterol and
8-dehydrocholesterol levels are increased. Low maternal
estriol on second-trimester serum screening is a charac-
teristic prenatal finding (Shinawi et al., 2005).

Genes

Mevalonate kinase deficiency is caused by mutations in
the MVK gene, while Smith-Lemli—Opitz syndrome is
caused by mutations in DHCR?7. Other disorders in the
postsqualene pathway that can be accompanied by
multiple congenital anomalies and severe neurologic
involvement include lathosterolosis, caused by muta-
tions in SC5D, and desmosterolosis, caused by mutations
in DHCR24.

Biochemical defects and pathophysiology

The inflammatory nature of mevalonate kinase defi-
ciency results from a lack of posttranslational prenylation
of certain proteins. In particular, the metabolic block
leads to decreased synthesis of isoprenoids, such as
farnesylpyrophosphate and geranylgeranylpyropho-
sphate. The decreased prenylation of Rab GTPases leads
to increased release of interleukin 1 beta (van der Burgh
et al., 2014; Jurczyluk et al., 2016).
Smith—-Lemli—Opitz syndrome results from a defect
in 7-dehydrocholesterol reductase, which converts
7-dehydrocholesterol to cholesterol. This leads to an
accumulation of 7-dehydrocholesterol, which gets
converted to 8-dehydrocholesterol by the action of
3B-hydroxysteroid-A8-A7-isomerase.

Treatment and outcomes

Mevalonate kinase deficiency is treated by antiinflam-
matory agents such as NSAIDs, -corticosteroids,

anti-TNF antagonists, and anti-IL1 antagonists; cases
that are refractory to the aforementioned therapies might
need hematopoietic stem cell transplantation (Favier and
Schulert, 2016).

Cholesterol supplementation should be considered in
every patient, as it has minimal adverse effects and is
associated with improved growth and it improves photo-
sensitivity (Azurdia et al., 2001; Starck et al., 2002). It
does not, however, lead to improved developmental
progress (Sikora et al., 2004) and probably does not sig-
nificantly alter sterol levels in the brain, given the limited
capacity for cholesterol to cross the blood-brain barrier,
as the brain relies heavily on de novo cholesterol biosyn-
thesis. Simvastatin leads to decreased levels of 7- and
8-dehydrocholesterol, but does not lead to improved
growth or behavior (Haas et al., 2007).

CONGENITAL DISORDERS OF
GLYCOSYILATION

Clinical symptoms

There are over 100 different types of congenital disorders
of glycosylation, or CDGs (Jacken and Péanne, 2017).
The most common type of CDG, arising from phospho-
mannomutase deficiency, is a multisystemic disorder that
can present in the newborn period with hydrops, pleural
effusions, pericardial effusions, failure to thrive, hypoto-
nia, microcephaly, developmental delay, strabismus, and
roving eye movements (Grunewald, 2009; Freeze et al.,
2012). Some neurologic complications of the disease
include cerebellar atrophy, which can be present as early
as the neonatal period, while seizures and stroke-like
episodes typically start in early childhood. Peripheral
neuropathy develops over time. Important clues toward
the diagnosis are the presence of inverted nipples and
abnormal fat distribution, including supragluteal and
suprapubic fat pads; both findings, however, can disap-
pear over the course of the first few years of life. Other
organ systems that can be involved include the gastroin-
testinal (protein-losing enteropathy, hepatocellular
liver disease), hematologic (coagulopathy, thrombosis),
endocrine (hyperinsulinemic hypoglycemia, hypothy-
roidism), skeletal (kyphoscoliosis, pectus deformity),
ocular (retinitis pigmentosa), renal (tubulopathy, protein-
uria, cysts), and cardiac (hypertrophic cardiomyopathy)
systems (Griinewald, 2009).

Genes

The most common type of CDG is caused by a deficiency
of phosphomannomutase 2, encoded by PMM?2 (Matthijs
et al., 1997). Most CDGs are inherited in a recessive
manner, but other inheritance patterns such as X-linked
are possible, as in ALG13-CDG (Timal et al., 2012),
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SLC35A2-CDG (Ng et al, 2013), or PIGA-CDG
(Johnston et al., 2012).

Biochemical defects and pathophysiology

It is estimated that half of all proteins are glycosylated
(Apweiler et al., 1999) and that about 2% of the whole
genome encodes proteins directly involved in glycosyl-
ation reactions (Freeze, 2013). In fact, the glycome, or
the entire complement of sugars of an organism, is esti-
mated to be several times larger than the proteome
(Freeze, 2006). CDGs lead to human disease due to an
inability to properly synthesize glycan chains. In partic-
ular, there can be a defect in protein N-linked glycosyl-
ation (a defect in attaching a glycan chain to the amino
group of asparagine) or protein O-linked glycosylation
(attaching the glycan to the hydroxyl group of serine
or threonine), a defect in glycosphingolipid glycosyla-
tion, a defect in the synthesis of glycophosphatidylinosi-
tol (GPI) anchors, or a defect in vesicular trafficking.

Treatment and outcomes

There is no treatment for the most common type of CDG,
PMM2-CDG. Some improvement can be seen with
administration of mannose to patients with MPI-CDG
(Niehues et al.,, 1998), fucose to patients with
SLC35C1-CDG (Marquardt et al., 1999), or butyrate
for PIGM-CDG (Almeida et al., 2007).

DISORDERS OF COPPER METABOLISM
Clinical symptoms

The disorders of copper metabolism include Menkes dis-
ease, Huppke-Brendel syndrome, and MEDNIK syn-
drome. The earliest manifestations of Menkes disease
typically include hypothermia and prolonged hyperbilir-
ubinemia (Tiimer and Moller, 2010). A typical finding is
that of sparse, coarse, brittle hair which, upon micro-
scopic examination, represents pili torti. Connective tis-
sue abnormalities include pudgy cheeks and cutis laxa on
physical examination, arterial tortuosity on brain MRI,
and bladder diverticula on pelvic ultrasound. By approx-
imately 3 months of age, affected boys will start showing
frank findings of neurologic involvement, including sei-
zures and loss of developmental skills. The pattern of sei-
zures in Menkes disease can be divided into three stages,
with an early stage at around 3 months showing focal
clonic status epilepticus, an intermediate stage at about
10 months showing intractable infantile spasms, and a
late stage at about 25 months showing multifocal sei-
zures, tonic spasms, and myoclonus (Bahi-Buisson
et al., 2006). Progressive neurodegeneration leads to
death in the first few years of life.

Neuroimaging reveals increased arterial tortuosity in
73% of patients, white matter tumefactive lesions in
27%-56%, focal nontumefactive white matter lesions
in 35%, and abnormal myelination in 73% of patients
(Manara et al., 2017a). Gray matter lesions, specifically
basal ganglia abnormalities, are seen in 44%—75%, cere-
bral atrophy in 81%-88%, cerebellar atrophy in 70%—
100%, and subdural collections are seen in about a quar-
ter of patients (Manara et al., 2017b).

Skeletal radiographs can reveal metaphyseal lesions
mimicking the corner fractures or bucket-handle frac-
tures from child abuse. The combination of classic meta-
physeal lesions and subdural hematomas can indeed lead
to a diagnosis of nonaccidental trauma (Cronin
et al., 2012).

Laboratory findings include low concentrations of
serum copper and ceruloplasmin, although these are
unreliable markers during the first several weeks of life,
as infants under 6 months of age normally have low
serum levels of both markers (Kaler, 1993). Instead, an
early diagnosis can be established on biochemical
grounds using concentrations of catecholamines, since
the partial deficiency of dopamine hydroxylase leads
to a characteristic pattern of plasma and cerebrospinal
fluid neurochemical abnormalities (Kaler et al., 1993a,
b). Thus, the ratio of a proximal metabolite in the
pathway—the dopamine metabolite dyhydroxyphenyla-
cetic acid, DOPAC—to a distal metabolite—
dihydroxyphenylglycol, DHPG—or the ratio of dopa-
mine to norepinephrine represent sensitive and specific
markers in the diagnosis of Menkes disease during the
neonatal period (Goldstein et al., 2009).

Huppke et al. described five patients with intellectual
disability, congenital cataracts, nystagmus, hearing loss,
hypomyelination, cerebral and cerebellar atrophy, early
lethality, and low serum copper and ceruloplasmin levels
(Huppke et al., 2012), and this novel metabolic condition
is named after them.

MEDNIK syndrome is an acronym for Mental retar-
dation, Enteropathy, Deafness, peripheral Neuropathy,
Ichthyosis, and Keratodermia. Other findings include
liver disease with cholestasis and elevated transami-
nases, decreased serum copper and ceruloplasmin,
increased urine copper and increased liver copper con-
centration, and a mild increase in plasma very long-chain
fatty acid levels (Martinelli et al., 2013). Neuroimaging
can reveal bilateral T2-weighted hyperintensities of the
basal ganglia.

Genes

Menkes syndrome is caused by mutations in ATP74,
encoding a copper transporter located in the trans-Golgi
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network. The basic defect hinders transport of copper out
of the enterocytes and into the circulation.

Huppke—-Brendel syndrome is caused by mutations in
the SLC33A41 gene, encoding a transporter of acetyl-CoA
into the ER lumen (Huppke et al., 2012).

MEDNIK syndrome is caused by mutations in
API1S1, encoding the o1 A subunit of the adaptor protein
complex AP-1 (Montpetit et al., 2008).

Biochemical defects and pathophysiology

The underlying basis of Menkes disease is the defective
transport and incorporation of copper into copper-
containing enzymes, such as tyrosinase (the deficiency
of which causes hypopigmentation of hair and skin),
lysyl oxidase (the deficiency of which results in the con-
nective tissue phenotype, due to defective elastin and col-
lagen cross-linking), cytochrome ¢ oxidase (associated
with the hypothermia), and ascorbate oxidase, causative
of the skeletal changes.

For Huppke-Brendel syndrome, the prevailing
hypothesis is that reduced acetylation of ceruloplasmin
leads to decreased secretion, which results in low serum
copper concentrations, as ceruloplasmin carries 95% of
serum copper (Huppke et al., 2012).

In MEDNIK syndrome, the normal recycling of cop-
per ATPases between the trans-Golgi network and the
plasma membrane is disrupted, as it is dependent on
adaptor proteins (Montpetit et al., 2008). This leads to
the characteristic phenotype of excess copper in the liver
(reminiscent of Wilson disease), but lack of copper in
other tissues such as the brain (reminiscent of Menkes
disease).

Treatment and outcomes

In Menkes disease, the early administration of subcuta-
neous copper histidinate soon after birth can lead to some
benefit, particularly if the mutation is associated with
some residual ATP7A activity (Kaler et al., 2008).

For MEDNIK syndrome, treatment with zinc acetate
has been associated with improved cholestasis and intel-
lectual development (Martinelli et al., 2013).

GLUTI1 DEFICIENCY SYNDROME
Clinical symptoms

The most common presenting symptom is seizures,
reported in 61% of patients. The second most common
form of presentation, found in 38% of patients, is eye
movement abnormalities, such as eye rolling, eye flutter-
ing, frequent eye blinks, or “opsoclonus” (Akman et al.,
2016). Although these eye movements are indeed rapid
and multidirectional, as in opsoclonus, they can be distin-
guished from it because a head movement in the same

direction as the eye movement accompanies them, and
because they are separated by clear intervals of fixation,
200-800ms in length (Pearson et al., 2017). Eighteen of
133 patients (13.5%) experienced first symptoms during
the neonatal period (Akman et al., 2016). The type of sei-
zure is quite variable, being mixed in 68%, generalized
tonic—clonic in 53%, absence in 49%, complex partial
in 37%, myoclonic in 27%, drop attacks in 26%, tonic
in 12%, simple partial in 3%, and spasms in 3% (Pong
et al., 2012). About 1.4% of all cases of idiopathic gen-
eralized epilepsy are caused by GLUTI deficiency
(Arsov et al., 2012b), as are around 12% of cases of
early-onset absence epilepsy presenting in patients
before 4 years of age (Arsov et al., 2012a). The response
to typical antiepileptic drugs should not dissuade the cli-
nician from considering this condition, as some patients
can remain seizure-free without a ketogenic diet (Pong
et al., 2012).

Characteristic laboratory features include low CSF
glucose concentration (<10th centile), a low CSF to
blood glucose ratio (<25th centile), and a low CSF lac-
tate concentration (< 10th centile); cut off values for dif-
ferent ages have been established (Leen et al., 2013).
Some patients can have spontaneous ketosis as a means
of cerebral metabolic compensation (Chenouard
et al., 2015).

Genes

GLUT]1 deficiency syndrome is caused by mutations in
the SLC2A1 gene. Most cases are the result of de novo
heterozygous mutations in the gene and thus have a dom-
inant pattern of inheritance, although rare cases carry
biallelic mutations. Recently, a novel neurodevelopmen-
tal condition characterized by intellectual disability, epi-
lepsy, and variable neuropsychiatric features was
described, caused by biallelic mutations in SLC4541, a
cerebral glucose transporter expressed in neurons, unlike
GLUT!I that is expressed at the blood-brain barrier
(Srour et al., 2017).

Biochemical defects and pathophysiology

GLUT1 deficiency leads to an inability of glucose to
cross the blood-brain barrier. Glucose represents the
main source of energy for the brain, which consumes
about 20% of the whole-body glucose-derived
energy—approximately 5.6 mg glucose/100 g brain tis-
sue/min (Mergenthaler et al., 2013).

Certain mutations lead not only to altered glucose
transport with the consequent energy deficiency, but also
to cation leak with osmotic instability, associated with
periventricular calcifications, cataracts, hemolysis, and
pseudohyperkalemia (Flatt et al., 2011; Bawazir et al.,
2012; Shibata et al., 2017).
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Treatment and outcomes

Treatment involves providing an alternative source of
fuel for the brain. In particular, ketone bodies cross the
blood—brain barrier via a monocarboxylate transporter
(MCT1), and thus a ketogenic diet represents the treat-
ment of choice (Klepper et al.,, 2004). Some patients
can still show recurrence of seizures despite adequate
ketosis (Klepper et al., 2005), and up to one-third of
patients respond poorly to a ketogenic diet (Pascual
et al., 2014). Triheptanoin has also been tried for ana-
plerosis, with encouraging results.

RECOMMENDED DIAGNOSTIC WORKUP

Signs and symptoms of IEMs can be rather nonspecific in
the neonatal period. Newborns can present with feeding
difficulty, emesis, dyspnea, lethargy, or frank encepha-
lopathy, hypotonia, and/or seizures. In intoxication-type
IEMs, there tends to be an asymptomatic period of at
least several hours, since the placenta “dialyzes” the
accumulated molecules, and it takes time for this intox-
icating substance to accumulate after dietary exposure.
IEMs should be considered when faced with unexplained
neurologic symptoms, particularly if these happen to be
progressive or if they follow an uneventful pregnancy
and delivery. They should also be considered in the set-
ting of specific laboratory findings, such as hypoglyce-
mia, hyperammonemia, or high-anion gap metabolic
acidosis. Fig. 22.3 provides a diagnostic algorithm for
the different IEMs that can present with central or

peripheral hypotonia in the neonate. Fig. 22.4 provides
a diagnostic algorithm for IEMs that can present with
encephalopathy and/or seizures. Fig. 22.5 provides a
tiered algorithm providing guidance on which tests to
obtain in order to reach the aforementioned diagnoses.
Interactive online tools exist to facilitate diagnosis, such
as http:/www.treatable-id.org (van Karnebeek et al.,
2012b) and http:/iembase.org (Lee et al., 2017b).

NEWBORN SCREENING

Newborn population screening, pivotal for preventive
health care for IEMs, was introduced in the 1960s for
the detection of phenylketonuria. In the mid-1990s,
MS/MS allowed for extended newborn screening and
was consecutively incorporated into screening programs
worldwide. MS/MS enables the diagnosis and treatment
of a much larger number of metabolic disorders (fatty
acid oxidation disorders, organic acidurias, some urea
cycle defects, additional disorders of amino acid metab-
olism). Usually the bloodspot is taken on days 3-6 to
allow for sufficient nutrient load. For the clinician, it is
important to realize that great variability exists in the
panel of disorders screened for in different countries
and states, as there is no consensus on the basic decision
criteria for inclusion. Also, false positives and false neg-
atives exist, and thus biochemical confirmation and clin-
ical evaluation are mandatory. A newborn may become
sick before newborn screening results are available, as
is often the case for maple syrup urine disease or male
OTC deficiency. The consequences of positive screening

Neonate presenting with hypotonia

Central hypotonia with dysmorphic
features

Peroxisomal disorder
CDG

Smith—-Lemli—Opitz syndrome

Peripheral hypotonia +
cardiomyopathy

Pompe disease
CPT-Il deficiency

Barth syndrome

Fig. 22.3. Diagnostic algorithm for IEMs presenting with central or peripheral hypotonia in the neonate.
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Neonate with encephalopathy/seizures

Anion-gap metabolic acidosis

No acidosis

+ hyperammonemia Congenital lactic acidosis

Hyperammonemia

+ lactic acidosis

Organic acidemias Mitochondrial disorder

FAOD Pyruvate metabolism disorder

No acidosis

No hyperammonemia

Amino acid disorder (MSUD,
NKH, serine biosynthesis defect)

Sulfite oxidase/molybdenum
cofactor deficiency

Urea cycle disorder

PDE GAMT deficiency

Hyperinsulinism-
hyperammonemia

GABA transaminase deficiency ADSL deficiency

Peroxisomal disorder GLUT1 deficiency

Fig. 22.4. Diagnostic algorithm for IEMs presenting with encephalopathy and/or seizures in the neonate.

onate presenting with encephalopathy/seizures + hypotonia

TIER 1 testing:
Blood: complete blood count, electrolytes (anion
gap), blood gases (pH), glucose, liver function
tests, ammonia, lactate and pyruvate, uric acid,
plasma amino acids?*, total homocysteine®,
plasma acylcarnitines

Urine: urinalysis (ketones), organic acids, AASA,
purines/pyrimidines, creatine metabolites

*minimal fasting interval = 3 h

TIER 2 Testing:

Blood: carbohydrate-deficient transferrin,
VLCFA, sterols

Urine: sulfite, sialic acid, pipecolic acid

CSF: glucose, lactate and pyruvate, amino
acids, tetrahydrofolate, neurotransmitters,
pterins

E— Doyl

THERAPY:

+ Pyridoxine: 100 mg i.v. (can cause
apnea) followed by 15-30 mg/kg/day
in 2 doses p.o. If ineffective,
consider pyridoxal 5'-phosphate

+ Biotin p.o.: 10 mg/day (until normal
results obtained)

Diagnosis

confirmatory testing and treatment

confirmatory testing and treatment

Fig. 22.5. Tiered diagnostic and therapeutic algorithm for neonatal-onset IEMs presenting with neurologic signs.

results differ between conditions. Sometimes only a
repeat analysis from a second screening card is required.
In other cases, immediate initiation of therapeutic mea-
sures is necessary and may require referral to a special-
ized metabolic center. Parents may need to understand
that urgent intervention is necessary, even though new-
born screening also detects asymptomatic variants of
many conditions.

FUTURE DIRECTIONS

The number of recognized IEMs and insights into their
varying phenotypes even during the neonatal period are
expanding rapidly, through the use of genomic, meta-
bolomic, and deep phenotyping technologies, such as
high-resolution and functional neuroimaging. Prompt rec-
ognition of these conditions for treatment and best out-
comes is essential but challenging; an awareness of their
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existence and a structured diagnostic approach supported
by digital tools aid the clinician. Understanding disease
mechanisms and phenotypic modifiers is currently the
big challenge; systems biology approaches and model
organism studies pave the way. New therapies are not only
under development but are also in clinical trials, and they
vary from medical diets to pharmacotherapy and gene
therapy. The potential to treat an increasing number of
IEMs, however rare, motivates the expansion of newborn
screening programs; however, the costs of therapy are
sometimes prohibitive, such as enzyme replacement ther-
apy in mucopolysaccharidoses. On the other hand, early
identification of diseases that are asymptomatic during
the newborn period, such as X-linked adrenoleukodystro-
phy, allow for the possible scrutiny of the disease course
during early childhood years and aid in our pathophysio-
logic understanding and ability to provide timely interven-
tions. Now, more than ever, in the age of big data,
interdisciplinary collaboration is key to providing state-
of-the-art care for neonates suffering IEMs. To diagnose
and treat, the neonatal neurologist needs input from
other clinicians (metabolic specialists, geneticists, radiol-
ogists, neonatologists) as well as laboratory specialists
(biochemists, molecular geneticists, bioinformaticians)
and researchers in the aforementioned fields.
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