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KEY POINTS

� More than 750 inborn errors of metabolism have been described so far.

� Many inborn errors of metabolism present in extremis and can be easily diagnosed based
on plasma/urine metabolic tests performed in laboratories specialized in biochemical
genetics.

� Some inborn errors of metabolism are treatable and require early and urgent intervention
to prevent permanent sequelae.

� Most treatable inborn errors of metabolism can be identified by newborn screening.
INTRODUCTION

About 60 years after Garrod’s premonitory dissertations on 4 inborn errors of meta-
bolism (IEM), the first edition of the classic textbook The Metabolic Basis of Inherited
Disease by Stanbury and colleagues was published in 1960, a time when IEM were
being rediscovered and slowly redefined as molecular diseases. Since then, the
study of IEM has made important progress and the 8th edition of the Metabolic
and Molecular Basis of Inherited Diseases published in 2001 by Scriver and col-
leagues1 encompassed 4 volumes, and the description of about one thousand
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rare, inherited metabolic disorders and mechanisms. The book is now being updated
and is only available on-line. More recently, in the classic clinical textbook Inborn
Metabolic Diseases Diagnosis and Treatment, more than 300 “new” disorders were
described in the 5 years between the fifth (2011) and the sixth (2016) editions,
85% presenting with predominantly neurologic manifestations.2 However, the
specialized study of IEM remains underrepresented worldwide in the great majority
of medical faculty teaching programs. This lack is partly due to the traditional classi-
fication of diseases based on organs and systems (cardiology, pulmonology,
neurology, hematology, etc), whereas IEM may present with many symptoms and
affect any organs at any age in any scenario, which means they do not all fall into
any one of the traditional categories for diseases. This situation is made even less
favorable by the very poor transfer of cell biology and biochemistry knowledge ob-
tained from academic training to physicians’ daily clinical practice. To successfully
perceive and diagnose an IEM, it is crucial that metabolic physicians have sound clin-
ical training in these elements. Given the increasing complexity of biochemical and
molecular tests and the difficulty of keeping up with this evolving field for busy prac-
ticing physicians, these effective but complex, time-consuming, and expensive
methods of testing are at risk of being used in an uncontrolled and uncritical way.
Appropriate educational programs are of utmost importance as a strategy to create
a critical and pathophysiology-based thinking in medical doctors.
For physicians on the front line not to miss a treatable disorder, the clinical diagnosis

of IEM should rely on a small number of important principles2,3 (Box 1). IEM are indi-
vidually rare but collectively numerous. The application of tandem mass spectrometry
to newborn screening and prenatal diagnosis has enabled presymptomatic diagnosis
for some IEM (see Reid Sutton and colleagues’ article, “Newborn Screening: History,
Current Status, and Future Directions,” in this issue). However, for most IEM, neonatal
screening tests are either too slow, too expensive, or unreliable; consequently, clinical
screening is mandatory before starting the sequence of sophisticated biochemical
tests required to identify many IEM.
Box 1

Principles for clinical diagnosis of IEM: Do not miss a treatable disorder

� In the appropriate clinical context, consider an IEM in parallel with other more common
conditions.

� Be aware that symptoms that persist and remain unexplained after the initial treatment and
the usual tests for more common disorders have been performed and ruled out, may be
owing to an IEM.

� Do not confuse a symptom or a syndrome with etiology—the underlying cause may be an
IEM yet to be defined.

� Remember that an IEM can present at any age, from conception through old age.

� If you are looking for a family connection to an IEM remember that althoughmost metabolic
errors are hereditary, they are often transmitted as recessive disorders, making the majority
of individual cases seem to be sporadic.

� Consider and try to diagnose IEMs that are amenable to treatment (mainly those that cause
intoxication) first.

� In emergency situations, first provide care to the affected individual (emergency treatment)
and then to the family (genetic advice).

Abbreviation: IEM, inborn error of metabolism.
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PATHOPHYSIOLOGIC CLASSIFICATION OF INBORN ERRORS OF METABOLISM

The vast majority of IEM involve abnormalities in enzymes and transport proteins and
can be divided into the following 2 large clinical categories.
Category 1 includes disorders that either involve only one functional system (such

as the endocrine system, immune system, or coagulation factors) or affect only 1
organ or anatomic system (such as the intestine, renal tubules, erythrocytes, or con-
nective tissue). Presenting symptoms are uniform (eg, a bleeding tendency in coagu-
lation factor defects or hemolytic anemia in defects of glycolysis), and the correct
diagnosis is usually easy to predict.
Category 2 includes diseases in which the basic biochemical lesion either affects

1 metabolic pathway common to a large number of cells or organs (eg, storage dis-
eases owing to lysosomal catabolic disorders, energy deficiency in mitochondrial
disorders) or is restricted to one organ but gives rise to humoral and systemic con-
sequences (eg, hyperammonemia in urea cycle defects, hypoglycemia in hepatic
glycogenosis). The diseases in this category have a great diversity of presenting
symptoms but can be divided into 3 diagnostically useful groups: group 1 includes
disorders of intermediary metabolism affecting small molecules, group 2 includes
disorders involving primarily energy metabolism, and group 3 includes disorders
involving complex molecules.

Group 1: Disorders of Intermediary Metabolism Affecting Small Molecules

Intermediary metabolism can be defined as an immense network of biochemical reac-
tions of degradation (catabolism), synthesis (anabolism), and recycling that allows a
cycle of continuous exchanges between cells and the nutrients brought on by alimen-
tation (carbohydrates, lipids, proteins) and respiration (oxygen). It involves thousands
proteins, mostly enzymes and transporters, the deficit of which cause IEM. Deficits
can affect small or complex molecules.
This group 1 is very large and there are many different mechanisms involved. It in-

cludes IEM that lead to acute or progressive intoxication from the accumulation of
normal or unusual compounds proximal to themetabolic block. They encompass clas-
sical inborn errors of amino acid catabolism (phenylketonuria, maple syrup urine dis-
ease, homocystinuria, tyrosinemia, etc), most organic acidurias (methylmalonic,
propionic, isovaleric, biotin responsive multiple carboxylase deficiency; see Shawn
E. McCandless and colleagues’ article, “Inborn Errors of Metabolism with Acidosis:
Organic Acidemias and Defects of Pyruvate and Ketone Body Metabolism,” in this
issue), urea cycle defects and related disorders (triple H syndrome, lysinuric protein
intolerance; see David A. Weinstein and colleagues’ article, “Inborn Errors of
Metabolism with Hypoglycemia: Glycogen Storage Diseases and Inherited Disorders
of Gluconeogenesis,” in this issue), galactose (galactosemia), and fructose (hereditary
fructose intolerance) metabolism defects (see Gerard T. Berry and colleagues’ article,
“Inborn Errors of Metabolism with Hepatopathy: Metabolism Defects of Galactose,
Fructose, and Tyrosine,” in this issue), and porphyrias.
Metal disorders can behave like intoxication in cases of accumulation (Wilson dis-

ease, hemochromatosis, neuroferritinopathies) and neurodegeneration with brain
iron accumulation syndromes, cirrhosis dystonia syndrome (with hypermanganese-
mia, etc), but also like complex molecule disorders (disturbing glycosylation, traf-
ficking, etc) in the case of metal deficiencies, like in the recently described inherited
manganese deficiency linked to SLC39A8 mutations4 (see Sumit Parikh and col-
leagues’ article, “Inborn Errors of Metabolism with Movement Disorders: Defects in
Metal Transport and Neurotransmitter Metabolism,” in this issue; Box 2).
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Box 2

Clinical similarities of classical intoxication disorders

� They do not interfere with embryo and fetal development.

� They present with a symptom-free interval (days, months, or years).

� Clinical signs of intoxication may be acute (vomiting, coma, liver failure, thrombosis, etc) or
chronic (failure to thrive, developmental delay, ectopia lentis, cirrhosis, ichthyosis,
cardiomyopathy, etc), even progressive (neurodegeneration).

� They present with acute metabolic attacks provoked by fasting, catabolism, fever,
intercurrent illness, and food intake.

� Clinical expression is often both late in onset and intermittent.

� The diagnosis is straightforward and most commonly relies on plasma and urine amino acid,
organic acid, and acylcarnitine chromatography.

� Most of these disorders are treatable and require the emergency removal of the toxin by
special diets, extracorporeal procedures, vitamins or cleansing drugs (carnitine, sodium
benzoate, penicillamine, etc).
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Inborn errors of neurotransmitter synthesis, catabolism and transport (monoamines,
gamma aminobutyric acid, and glycine) and inborn errors of brain amino acid synthe-
sis (serine, glutamine, asparagine, and proline and ornithine) or transport (mostly
branched chain amino acids)5 display a somewhat different clinical presentation
and pathophysiology: they can be present at birth and may interfere with embryo–fetal
development; they do not have metabolic attacks, and they can be progressive. A new
mechanism of neurotransmitters defect have been recently described that involved a
co-chaperone of the HSP70 family encoded by DNAJC12, which interacts with
phenylalanine, tyrosine, and tryptophan hydroxylase. All manifestations reversed on
early treatment with tetrahydrobiopterin (BH4) and/or neurotransmitter precursors.6

Inborn errors of neurotransmitter and brain amino acid synthesis are also included in
this group, because they share many biochemical characteristics: their diagnosis relies
on plasma, urine, and cerebrospinal fluid investigations (amino acid, organic acid ana-
lyses, etc); and some are amenable to treatment even when the disorder is present in
utero—for example, 3-phosphoglycerate-dehydrogenase deficiency7 (see Ayman W.
El-Hattab and Mohammed Almannai’s article, “Inborn Errors of Metabolism with
Seizures: Defects of Glycine and Serine Metabolism and Cofactor Related Disorders,”
and Sumit Parikh and colleagues’ article, “Inborn Errors of Metabolism with Movement
Disorders: Defects in Metal Transport and Neurotransmitter Metabolism;” in this issue).

Group 2: Disorders Involving Primarily Energy Metabolism

These disorders consist of IEMwith symptoms due, at least in part, to a deficiency in en-
ergyproductionor usewithin the liver,myocardium,muscle, brain, or other tissues.Mem-
brane carriers of energetic molecules (glucose, fatty acids, ketone bodies, and
monocarboxylic acids) display many tissue specific isozymes as glucose transporter 1
(theglucosecerebral transporter), andglucose transporter 2 (theglucosehepatointestinal
transporter), the deficiencies of which cause neurologic and hepatic signs, respectively.
Mitochondrial defects are the most severe and are generally untreatable. They

encompass the aerobic glucose oxidation defects presenting with congenital lactic
acidemias (pyruvate transporter, pyruvate carboxylase, pyruvate dehydrogenase sys-
tem, and Krebs cycle defects), the mitochondrial respiratory chain disorders involving
either the respiratory chain itself, the mitochondrial transporters of energetic mole-
cules, amino acids, ions, metals and vitamins, or the biosynthesis of coenzyme Q
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(see Eva Morava and colleagues’ article, “Complex Phenotypes in Inborn Errors of
Metabolism: Overlapping Presentations in Congenital Disorders of Glycosylation
and Mitochondrial Disorders,” in this issue), and the fatty acid oxidation and ketone
body defects (see Areeg El-Gharbawy and Jerry Vockley’s article, “Inborn Errors of
Metabolism with Myopathy: Defects of Fatty Acid Oxidation and the Carnitine
Shuttle System,” in this issue). Only the latter are even partially treatable.
Cytoplasmic energy defects are generally less severe. They include disorders of

glycolysis, glycogen metabolism and gluconeogenesis, hyperinsulinism, and glucose
transporter defects (all treatable disorders), the disorders of creatine metabolism
(partially treatable), and the inborn errors of the pentose phosphate pathways (untreat-
able). Vesicular glycolysis was recently discovered to be capable of providing a con-
stant intrinsic source of energy, independent of mitochondria, for the rapid axonal
movement of vesicles over long distances8 (Box 3).

Group 3: Disorders Involving Complex Molecules

This expanding group encompasses diseases that disturb the synthesis, processing,
quality control, and catabolism of complex molecules. These complex processes take
place in organelles (mitochondria, lysosomes, peroxisomes, endoplasmic reticulum,
and the Golgi apparatus). Symptoms are permanent, very often progressive, and inde-
pendent of intercurrent events, unrelated to food intake. Most patients do not present
with crises. This group includes lysosomal storage disorders, peroxisomal disorders,
carbohydrate-deficient glycoprotein (CDG) syndrome, inborn errors of purine and
pyrimidine, inborn errors of cholesterol and bile acid synthesis, inborn errors of intra-
cellular triglycerides, phospholipids and glycosphingolipids synthesis and remodeling,
and many other defects affecting systems involved in intracellular vesiculation traf-
ficking, processing of complex molecules, and quality control processes.
Lysosomal storage disorders (mostly defects of sphingolipids, mucopolysaccha-

rides, and oligosaccharides catabolism) are responsible for intracellular accumulation
of non/poor soluble material in reticuloendothelial cells (see Michael F. Wangler and
colleagues’ article, “Inborn Errors of Metabolism Involving Complex Molecules:
lysosomal and Peroxisomal Storage Diseases,” in this issue). Besides these
well-known catabolic defects with visible storage material, a number of new disorders
affecting the synthesis and recycling of sphingolipids, mucopolysaccharides, and ol-
igosaccharides have been described recently (discussed elsewhere in this article).9–11
Box 3

Common symptoms of energetic disorders

� Hypoglycemia, hyperlactatemia, acidosis, and hyperketonemia or hypoketonemia.

� Hepatomegaly, severe generalized hypotonia, myopathy, cardiomyopathy, failure to thrive,
cardiac failure, circulatory collapse, sudden unexpected death in infancy, eye (optic atrophy),
and brain involvement.

� Recurrent crisis triggered by intercurrent events (catabolism).

� Someof themitochondrialdisorders andpentosephosphatepathwaydefects can interferewith
embryo and fetal development, and can cause dysmorphism, dysplasia, and malformations.

� Diagnosis is difficult and relies on function tests measuring energetic molecules (glucose,
lactate, ketones, etc) in cycles both in fed and fasted states, enzymatic analyses requiring
biopsies or cell culture, and molecular analyses.

� Only a few are treatable (fatty acid oxidation defects, hepatic glycogenosis, coenzyme Q
synthesis defects).
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Peroxisomal disorders encompass a number of molecular defects affecting either the
peroxisome biogenesis or a specific matrix enzyme (see Michael F. Wangler and col-
leagues’ article, “Inborn Errors of Metabolism Involving Complex Molecules: Lysosomal
and Peroxisomal Storage Diseases,” in this issue). Nonmitochondrial fatty acid homeo-
stasis defects share many similarities with peroxisomal disorders like Sjögren Larsson
syndrome or Elongase 4 deficiency (ichthyosis, spastic paraplegia, and ocular findings).
CDG syndromes are an expanding group of disorders (>100 defects described so far)

that display very diverse clinical presentations (see Eva Morava and colleagues’ article,
“Complex Phenotypes in Inborn Errors of Metabolism: Overlapping Presentations in
Congenital Disorders of Glycosylation and Mitochondrial Disorders,” in this issue).
Inborn errors of purine and pyrimidine disturb nucleic acid metabolism. Some defects

are treatable like, uridine responsive epilepsy,12 or uridine responsive congenital orotic
aciduria with megaloblastic anemia (see Evgenia Sklirou and Uta Lichter-Konecki’s
article, “Inborn Errors of Metabolism with Cognitive Impairment: Metabolism Defects
of Phenylalanine, Homocysteine and Methionine, Purine and pyrimidine, and
Creatine,” in this issue).
Inborn errors of cholesterol and bile acid synthesis present either with multiple mal-

formation syndromes (like the Smith-Lemli-Opitz syndrome and about 6 other disor-
ders), neonatal cholestasis (about 10 disorders), or with late onset neurodegenerative
disorders (like the cerebrotendinous xanthomatosis, which is treatable by chenodeox-
ycholic acid).
Inborn errors of intracellular triglycerides, phospholipids, and glycosphingolipids

synthesis and remodeling compose a rapidly expanding new group (>22 disorders
described so far).9,10 Intracellular triglycerides disorders display noncerebral presen-
tations, mostly hepatic steatosis with hypertriglyceridemia, neutral lipid storage disor-
ders (Chanarin Dorfman syndrome), congenital lipodystrophy with insulin resistance
and diabetes, and recurrent myoglobinuria crisis (lipin 1 deficiency). Phospholipids
and glycosphingolipid synthesis and remodeling defects display a variety of neurode-
generative symptoms (spastic paraplegia, spinocerebellar ataxia, polyneuropathy, in-
fantile epilepsy, infantile neuroaxonal dystrophy, neurodegeneration with brain iron
accumulation, etc) myopathy and cardiomyopathy (like in Barth or Sengers syn-
dromes); orthopedic signs (bone and chondrodysplasia, malformation); syndromic
ichthyosis; and retinal dystrophy. At present, few of these disorders can be screened
for using lipidomics13 and diagnosis depend on molecular techniques.
Many other defects affecting systems involved in intracellular vesiculation traf-

ficking, processing of complex molecules, and quality control processes (like protein
folding and autophagy) can be anticipated. This is illustrated, for example, by the
CEDNIK neurocutaneous syndrome owing to mutation of SNAP29 implicated in intra-
cellular vesiculation,14 as well as by mutations in AP5Z1, the cellular phenotype of
which bears striking resemblance to features described in a number of lysosomal stor-
age disorders.15 This is also the case of the synaptic vesicle cycle.16 Congenital dis-
orders of autophagy are another emerging class of IEM presenting as complex
neurometabolic disorders like SENDA or Vici syndrome.17 These new defects, all
found by exome sequencing without obvious metabolic markers, raise the question
of a broader definition of lysosomal storage disorders with the accumulation of indi-
gestible material in the endosomal–lysosomal system.
This oversimplified classification does not take into account the diversity and risks

of cellular biology. The newly described metabolic disorders affecting cytoplasmic
and mitochondrial transfer RNA synthetases and other factors implicated in the logis-
tics and regulation of the cell challenge our current classification based on organelles
and form a bridge between “classic” metabolic diseases with metabolic markers and
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those caused by structural proteins mutations without such markers and which are
most often diagnosed by molecular techniques.18

Disorders affecting catabolism and the synthesis and recycling of complex mole-
cules are summarized in Tables 1 and 2.
There are many overlapping metabolic and genetic mechanisms that challenge this

simplified classification:

1. Somemitochondrial enzymessuchas those implicated in theureasynthesis (carbamyl
phosphate-synthetase I, ornithine-transcarbamylase, glutamate dehydrogenase) are
regulated by SIRTUINS (SIRT), proteins that are induced by nutritional state.19

2. Tissue-specific proteins and the forthcoming clinical consequences of their muta-
tions remain largely impossible to foresee. For example, the deficiency of adenylate
kinase 2, an enzyme that is expressed in many tissues, presents with reticular dys-
genesia syndrome, which is associated with a sensory neural deafness.20

3. The clinical consequences of compounds accumulated proximal to an enzymatic
block can be unexpected; for example, thymidine accumulation in thymidine phos-
phorylase deficiency results in impaired mitochondrial DNA maintenance respon-
sible for MNGIE syndrome (mitochondrial neurogastrointestinal encephalopathy);
abnormal accumulation of polyols in the fetus, osmolyte substances implicated
in fetal water metabolism is responsible for hydrops fetalis with the oligohydram-
nios observed in transaldolase deficiency.21

4. Ubiquitous dominant activating mutations can lead to unexpected organ-specific
manifestations, like hyperinsulisms associated with hyperammonemia, or those
induced by exercise in glutamate dehydrogenase and monocarboxylate trans-
porter 1 genes mutations, respectively.22
Table 1
Inborn errors of complex molecules: Catabolism defects with visible storage material:
“Storage disorders”

Biochemical
Compounds Defect and Location

Inherited Disorders (n)
Major Clinical Findings

SPL SPL degradation
(lysosome, Golgi)

Sphingolipidosis10

HSM, neurodeterioration, bone and
neurologic crisis

Lipopigments Degradation (lysosome) Ceroid lipofuscinoses13

Epilepsy, mental regression, optic atrophy,
retinitis (RP)

Glycosaminoglycans
(GAG)

Degradation (lysosome) Mucopolysaccharidosis14

Dysostosis multiplex, HSM, neurologic, eye
findings

Oligosaccharides
Glycoproteins/sialic

acid

Degradation (lysosome) Oligosaccharidosis, glycoproteinosis,
mucolipidosis, sialidosis14

Dysostosis multiplex, HSM, cognitive
impairment, angiokeratoma

Glycogen Degradation (cytosol,
lysosome)

Glycogenosis21

Hepatomegaly, hypoglycemia, myopathy,
cardiomyopathy (Pompe)

Cerebral glycogenosis (Lafora disease, etc)

Neutral lipids Degradation (cytosol,
lysosome)

Neutral lipid storage diseases2

Many IEM with secondary steatosis

Abbreviations: HSM, hepatosplenomegaly; IEM, inborn errors of metabolism; RP, retinitis pigmen-
tosa; SPL, sphingolipids.
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Table 2
Inborn errors of complex molecules: Defects of synthesis and recycling: No storage material

Biochemical Compound Defect and Localization
Inherited Disorders (n)
Major Clinical Findings

Liver and muscle glycogen Synthesis (cytoplasm) GSD 0a: Ketotic hypoglycemia
GSD 0b, Glycogenin:

Myopathy, cardiomyopathy

Long, very long, and
ultralong chain fatty acids,
fatty alcohol, eicosanoids
(prostaglandins,
leukotrienes)

Extra mitochondrial
synthesis and
degradation
(ER, microsome,
peroxisome)

Peroxisomal b/a-oxidation21

Fatty acid elongation defects5

Eicosanoids/other defects (>5)
Nervous system, bone, eye,

skin, liver, inflammasome

TG, neutral lipids Synthesis and recycling
(cytosol, ER, lipid
droplets)

TG synthesis, lipolytic defects
(7 1 2 neutral lipid storage)

Liver, muscle, skin

SPL
1. Ceramide
2. Phosphosphingolipids

containing phosphate
(sphingomyelin)

3. Glycosphingolipids
containing sugar residue
(gangliosides, globosides,
cerebrosides, sulfatides, etc)

Synthesis and
recycling (ER, Golgi,
membranes)

Ceramide and SPL synthesis
recycling defects9

Nervous system (central and
peripheral), skin (ichthyosis),
retina (dystrophy)

GAG Synthesis and recycling
(cytosol, ER, Golgi)

GAG synthesis and recycling
defects20

Connective tissues: bone,
cartilage, ligaments, skin,
sclerae

PL including plasmalogen,
cardiolipin, and
polyphosphoinositides

Synthesis and recycling
(cytosol, ER,
peroxisome,
mitochondrial
membrane)

PL synthesis defects11 including
5 plasmalogen defects PL
remodeling defects21

Nervous system, muscle, skin,
bone, eye, immune system

Glycosylated proteins and
lipids

Synthesis, processing,
recycling (cytosol,
ER, Golgi)

N-linked CDG (>60)
O-CDG (>10)
GPI/glycolipid (>15)
Glycanopathy (>25)
Nervous system, muscle, skin,

eye, liver, bone

Isoprenoids (>30) Synthesis, recycling
(microsomes, ER,
mitochondria,
peroxisome)

Cholesterol8: congenital
morphogenic anomalies

Bile acids8: cholestasis,
neurodegeneration

Steroids synthesis defects5

Dolichol (>5): CDG
Ubiquinone5: mitochondrial

defects

Dyslipidemias (>20) Synthesis, recycling,
transport

Atherosclerosis, premature
coronary artery disease

Abbreviations: CDG, congenital disorders of glycosylation; ER, endoplasmic reticulum; GAG, glycos-
aminoglycans; GPI, glycosylphosphatidylinositol; GSD, glycogen storage disease; PL, phospholipids;
SPL, sphingolipids; TG, triglycerides.
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CLINICAL PRESENTATIONS OF INBORN ERRORS OF METABOLISM

A few metabolic disorders are recognized through newborn screening of the general
population (as for phenylketonuria) or of at-risk families. Apart from these few, meta-
bolic disorders present in 6 major groups of clinical circumstances.

Antenatal Symptoms

These can be classified in 3 major clinical categories23:

1. True major malformations (such as skeletal malformations, congenital heart dis-
ease, visceral aplasias, and neural tube defects);

2. Dysplasias (like cortical heterotopias, cortical cysts, posterior fossa abnormalities,
polycystic kidneys, liver cysts); and

3. Functional signs (such as intrauterine growth retardation, hydrops fetalis, hepatos-
plenomegaly, microcephaly, coarse facies or facial dysmorphism).

According to this classification, true irreversible major malformations are only
observed in O-glycosylation disorders that are primary, or secondary to manganese
transporter SLC39A8 mutations4; in cholesterol synthesis defects; in amino acid
synthesis disorders, as with glutamine and asparagine synthetase deficiency (lissence-
phaly), and rarely in severe energetic defects such as glutaric aciduria type II; some res-
piratory chain disorders; and in themitochondrial thiamine pyrophosphate carrier defect
(SLC25A19) responsible for the Amish lethal microcephaly. A recently described omega
3 fatty acid transporter defect (MFSD2A) produce major brain gyration abnormalities
and early death.24 The vast majority of “true intoxication” disorders (amino acids and
organic acids catabolism disorders) do not interfere with the embryofetal development.

Neonatal and Early Infancy Period

Acute encephalopathy and metabolic crash

� The neonate has a limited repertoire of responses to severe illness. IEMmay pre-
sent with nonspecific symptoms such as respiratory distress, hypotonia, poor
sucking reflex, vomiting, lethargy, and seizures—problems that can easily be
attributed to sepsis or some other common cause.

The death of a sibling previously from a similar IEM may have been attributed to
sepsis, cardiac failure, or intraventricular hemorrhage. Group 1 disorders (intoxication)
are illustrated by an infant born at full term who, after a normal pregnancy and delivery
and an initial symptom-free period, relentlessly deteriorates for no apparent reason
and does not respond to symptomatic therapy. The interval between birth and clinical
symptoms may range from hours to weeks. Tests routinely performed on sick neo-
nates include a chest radiograph, cerebrospinal fluid examination, bacteriologic
studies, and cerebral ultrasound examination; all yield normal results. This unexpected
and “mysterious” deterioration after a normal initial period is the most important indi-
cator for this group of IEM. Careful reevaluation of the child’s condition is then war-
ranted. Neurologic deterioration (coma, lethargy) is the most frequent presenting
sign in “intoxication” disorders. Typically, the first reported sign is poor sucking and
feeding, after which the child sinks into an unexplained coma despite supportive mea-
sures. At a more advanced state, neurovegetative problems with respiratory abnor-
malities, hiccups, apneas, bradycardia, and hypothermia can occur. In the
comatose state, characteristic changes in muscle tone and involuntary movements
occur. Generalized hypertonic episodes with opisthotonus, boxing, or pedaling move-
ments and slow limb elevations are observed in maple syrup urine disease. Because
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most nonmetabolic causes of coma are associated with hypotonia, the presence of
“normal” peripheral muscle tone in a comatose child reflects a relative hypertonia.
In organic acidurias, axial hypotonia and limb hypertonia with fast, large-amplitude
tremors and myoclonic jerks (often mistaken for convulsions) are usual. Abnormal
urine and body odor is present in some diseases in which volatile metabolites accu-
mulate; for example, a maple syrup odor in maple syrup urine disease and the sweaty
feet odor in isovaleric acidemia and glutaric acidemia type II (see Shawn E. McCand-
less and colleagues’ article, “Inborn Errors of Metabolism with Acidosis: Organic
Acidemias and Defects of Pyruvate and Ketone Body Metabolism,” in this issue).
In energy deficiencies, the clinical presentation is less obvious and displays a more

variable severity. In many conditions, there is no symptom-free interval. The most
frequent findings are a severe generalized hypotonia, rapidly progressive neurologic
deterioration, and possible dysmorphism or malformations. In contrast with the intox-
ication group, lethargy and coma are rarely initial signs. Hyperlactatemia with or
without metabolic acidosis is frequent. Cardiac and hepatic involvement are also
commonly associated with energy deficiencies.
In the neonatal period, only a few lysosomal storage disorders present with neuro-

logic deterioration. By contrast, many peroxisomal biogenesis defects present at birth
with dysmorphism and severe neurologic dysfunction. Severe forms of CDG involving
N- and O-glycosylation, glycosylphosphatidylinositol anchor, and dolichol phosphate
biosynthesis may also present with acute congenital neurologic dysfunction although
they more often present with hypotonia, seizures, dysmorphism, malformations, and
diverse visceral involvement.

Seizures

� Always consider the possibility of an IEM in a neonate with unexplained and re-
fractory epilepsy.

Neonatal metabolic seizures are often a mixture of partial, erratic myoclonus of the
face and extremities, or tonic seizures. Classically, the term “early myoclonic enceph-
alopathy” has been used if myoclonic seizures dominate the clinical pattern. The elec-
troencephalogram often shows a burst–suppression pattern; however, myoclonic
jerks may occur without electroencephalographic abnormalities (see Mohammed
Almannai and Ayman W. El-Hattab’s article, “Inborn Errors of Metabolism with
Seizures: Defects of Glycine and Serine Metabolism and Cofactor Related
Disorders,” in this issue).
Five treatable disorders can present in the neonatal period, predominantly with

intractable seizures: pyridoxine-responsive seizures, folinic acid–responsive epilepsy
(both allelic to antiquitin deficiency), pyridox(am)ine-50-phosphate oxidase deficiency,
3-phosphoglycerate dehydrogenase deficiency responsive to serine supplementa-
tion, and persistent hyperinsulinemic hypoglycemia. Also, biotin-responsive holocar-
boxylase synthetase deficiency may rarely present predominantly with neonatal
seizures. Glucose transport 1 (brain glucose transporter) deficiency, which is respon-
sive to a ketogenic diet, and biotin-responsive biotinidase deficiency can also present
in the first months of life as epileptic encephalopathy, but in these 2 disorders the early
neonatal period is normally free of symptoms.
There are other recently described disorders presenting with severe early seizures in

which a potential treatment has been suggested. These disorders are (i) manganese
deficiency owing to SLC39A8 mutations (potentially treated by galactose, uridine
and manganese)4 and (ii) CAD mutations encoding a multifunctional enzyme involved
in de novo pyrimidine biosynthesis, and responsive to uridine.12
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Many other untreatable inherited disorders can present in the neonatal period with
severe epilepsy: nonketotic hyperglycinemia (that can be due to the well-known
glycine cleavage system defects and to the new disease related to SLC6A9mutations
encoding a glycine transporter), D-glyceric aciduria, and mitochondrial glutamate
transporter defect (all 3 presenting with myoclonic epilepsy and a burst–suppression
electroencephalographic pattern), peroxisomal biogenesis defects, respiratory chain
disorders, sulfite oxidase deficiency, Menkes’ disease, and the new forms of CDG
syndromes, dolichol, and glycosylphosphatidylinositol anchor biosynthesis defects.
In all these conditions, epilepsy is severe, has an early onset, and can present with
spasms, myoclonus, and partial or generalized tonic–clonic crises.

Hypotonia
Severe hypotonia is a common symptom in sick neonates. It is more generally observed
in nonmetabolic severe fetal neuromuscular disorders. Only a few IEM present with iso-
lated hypotonia in the neonatal period, and very few are treatable. The most severe
metabolic hypotonias are observed in the congenital hyperlactatemias, respiratory
chain disorders, urea cycle defects, nonketotic hyperglycinemia, sulfite oxidase defi-
ciency, peroxisomal disorders, Lowe syndrome, and trifunctional enzyme deficiency.
Severe forms of Pompe disease (alpha-glucosidase deficiency) can initially mimic res-
piratory chain disorders or trifunctional enzyme deficiency when generalized hypotonia
is associated with cardiomyopathy. However, Pompe disease does not strictly start in
the neonatal period. Prader-Willi syndrome, one of the most frequent causes of isolated
neonatal hypotonia at birth, can mimic hypotonia–cystinuria syndrome. Severe global
hypotonia and hypomotility mimicking neuromuscular diseases can occur in some treat-
able IEM, such as biogenic amine defects, primary carnitine deficiency (not strictly in the
neonatal period), fatty acid oxidation defects, genetic defects of riboflavin transport, pri-
mary coenzyme Q10 defects. Pyridostigmine responsive congenital myasthenic syn-
drome can be a presenting sign in ALG2, ALG14, DPAGT1, GFPT1, and GMPPB-CDGs.

Other severe motor dysfunctions
Neonatal hypertonia is very common in sulfite oxidase deficiency and in hyperplexia
owing to abnormal glycinergic transmission (mutations in receptors and transporters).
Severe pontocerebellar hypoplasias (regardless of the specific genetic cause), early
neonatal formsofKrabbedisease, andgangliosidosis canalsoproducemajorhypertonia
with hyperexcitability signs. Fluctuatingmuscle strength, switching rapidly froma normal
state to hypertonus of the extremities and trunk, can be the equivalent of dystonicmove-
ments in the immature newborn brain. Oculogyric crisis and other dyskineticmovements
(orofacial and distal) can be associated. In such a clinical scenario, disorders with prom-
inent basal ganglia dysfunction should be considered (eg, mitochondrial disorders,
neurotransmitter defects). These neurologic presentations are summarized in Table 3.

Hepatic and gastrointestinal presentations
Six main clinical groups can be identified.

� Hepatomegaly with hypoglycemia and seizures without liver failure suggest glyco-
genosis type I or III (typically massive hepatomegaly), gluconeogenesis defects, or
severe hyperinsulinism (both withmoderate hepatomegaly (see David A.Weinstein
and colleagues’ article, “InbornErrors ofMetabolismwithHypoglycemia:Glycogen
Storage Diseases and Inherited Disorders of Gluconeogenesis,” in this issue).

� Liver failure (jaundice, coagulopathy, hepatocellular necrosis with elevated serum
transaminases, and hypoglycemia with ascites and edema) suggests fructosemia
(now rare because infant formulas are fructose free); galactosemia; tyrosinemia
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Tab
Ne gic presentations in neonate and in early infancy

Pre inant Clinical Symptom Main Clinical Signs Biological Signs
Best Diagnoses (Disorder/Enzyme
Deficiency)

Ne gic deterioration: mostly
m bolic and treatable

Lethargy, coma, hiccups, poor sucking,
hypothermia, hypotonia, hypertonia,
abnormal movements, large amplitude
tremor, myoclonic jerks, “burst
suppression,” abnormal odor

Ketosis, acidosis
Hyperlactacidemia
Hyperammonemia
Bone marrow suppression
Characteristic changes of

AAC or OAC

MSUD (odor)
MMA, PA, IVA (odor)
MCD
Urea cycle defects
CAVA deficiency
GA II (odor)

Sei s: sometimes metabolic,
s times treatable

Isolated
Generalized

Metabolic ketoacidosis
Typical OAC profile

MCD

None Pyridoxine responsive, folinic acid
responsive (antiquitin deficiency)

Hypocalcemia with
hypomagnesemia

Congenital magnesium malabsorption

Severe hypoglycemia PHHI
Generalized hypsarrhythmia
Major microcephaly

Low serine (plasma/CSF)
Low blood manganese and

a CDG type II profile

PGD (serine)
SLC39A8 (manganese)

Severe hypotonia
Myoclonic jerks
Burst suppression

Low HVA, 5 HIAA in CSF,
vanillactic acid (urine)

Hyperglycinemia
None
S-Sulphocysteine

PNPO (pyridoxamine phosphate
responsive)

NKH
Glutamate transporter
Sulfite oxidase

Facial dysmorphia Malformations Severe
hypotonia

VLCFA, phytanic, plasmalogen
Glycosylated transferrin
Sterols in plasma

Peroxisomal defects
CDG syndrome
Cholesterol biosynthesis

Global psychomotor delay Dyserythropoietic anemia
(seen on a blood smear)

CAD defect (uridine)
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Severe hypotonia: rarely
metabolic, many not treatable

Isolated None Prader-Willi syndrome

Massive cystinuria Hypotonia cystinuria syndrome
Predominant dysmorphia
Malformations

VLCFA, phytanic, plasmalogen
Sterols in plasma
Glycosylated transferrin
APO-B glycosylation

Peroxisomal defects
Cholesterol defects
Glycosylation defects
Multiple malformation syndromes with
muscular dystrophy (Walker-Warburg
syndrome, with muscle, eye, brain,
other anomalies)

Cataract
Tubulopathy

Hyperlactatemia
Enzyme/DNA analyses

Lowe syndrome
Respiratory chain

Cardiomyopathy Vacuolated lymphocytes Pompe disease
Abnormal movements (dystonia-

parkinsonism, oculogyric crises),
feeding difficulties, temperature
instability

Abnormal CSF biogenic
amines/pterins, glycine

Neurotransmitter disorders

Pyridostigmine responsive congenital
myasthenic syndrome

Serum transferrin IEF type 1
pattern in some

Normal CK

ALG2, ALG14, DPAGT1, GFPT1, and
GMPPB-CDGs

Macroglossia Hyperlactatemia Respiratory chain
Hepatopathy Acylcarnitine Trifunctional enzyme (FAO)

Carnitine transporter, Riboflavin
transporter

COQ10 fibroblasts, muscle Primary COQ10 defects

Abbreviations: 3 PGD, 3-phosphoglycerate dehydrogenase; 5 HIAA, 5-hydroxy indole acetic acid; AAC, amino acid chromatography; APO-B, apolipoprotein B;
CAD, gene that encodes a multifunctional enzyme complex (comprising glutamine amidotransferase, carbamoyl phosphate synthase, aspartate transcarbamylase,
dihydroorotase); CAVA, carbonic anhydrase VA isoform; CDG, congenital disorders of glycosylation; CK, creatine kinase; CoQ10, coenzyme Q10; CSF, cerebrospinal
fluid; FAO, fatty acid oxidation; GA II, glutaric aciduria type II; HVA, homovanillic acid; IEF, isoelectric focusing; IVA, isovaleric acidemia; MCD, multiple carboxylase
deficiency; MMA, methylmalonic aciduria; MSUD, maple syrup urine disease; NKH, nonketotic hyperglycinemia; OAC, organic acid chromatography; PA, propionic
acidemia; PHHI, primary hyperinsulinemic hypoglycemia of infancy; PNPO, pyridox(am)ine-50-phosphate oxidase; VLCFA, very long chain fatty acids.
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type I (after 3 weeks; see Gerard T. Berry and colleagues’ article, “Inborn Errors of
Metabolism with Hepatopathy: Metabolism Defects of Galactose, Fructose, and
Tyrosine,” in this issue); neonatal hemochromatosis; respiratory chain disorders
(and notably mitochondrial DNA depletion syndromes); and transaldolase defi-
ciency, adisorderof thepentosephosphatepathway that canpresentwithhydrops
fetalis and severe anemia.21 Severe fetal growth retardation, lactic acidosis, failure
to thrive, hyperaminoaciduria, very highserumferritin concentrations, hemosidero-
sis of the liver, andearly death suggestGRACILE syndrome (Finnish lethal neonatal
metabolic syndrome). The recently describedmutations in IARS and LARS (coding
for cytoplasmic isoleucyl and leucyl-tRNA synthetase, respectively) present with
hypoalbuminemia, recurrent acute infantile liver failure, anemia, seizures, and
encephalopathic crises.25 Recently, NBAS mutations were also identified as a
newmolecular cause of fever-dependent episodes of recurrent acute infantile liver
failurewith onset in infancy.26 A recent caseof cytosolic phosphoenolpyruvate car-
boxykinase deficiency in a young child with liver failure, accumulation of tricarbox-
ylic acid cycle metabolites on urine organic acid analysis, and hyperammonaemia
with an amino acid profile suggestive of a proximal urea cycle defect, has been
described. This is a treatable disease, reversible with intravenous dextrose.27

Investigating individuals with severe hepatic failure is difficult with many pitfalls.
At an advanced state, nonspecific abnormalities secondary to liver damage can
be present. Melituria (galactosuria, glycosuria, fructosuria), hyperammonemia, hy-
perlactatemia, hypoglycemia after a short fast, hypertyrosinemia (>200 mmol/L),
and hypermethioninemia (sometimes higher than 500 mmol/L) are encountered in
most cases of advanced hepatocellular disease.

� Cholestatic jaundice with failure to thrive is a predominant finding in
alpha1-antitrypsin deficiency, Byler disease, inborn errors of bile acidmetabolism,
peroxisomal disorders, Niemann-Pick typeCdisease,CDGsyndromes, citrin defi-
ciency and hepatocerebral syndrome owing to mitochondrial DNA depletion.
Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency can present early in in-
fancy as cholestatic jaundice, liver failure, and hepatic fibrosis. Cerebrotendinous
xanthomatosis, citrin deficiency, arginase deficiency, and Niemann-Pick type C
disease can present as a transient asymptomatic jaundice before neurologic signs
manifest later in life. Two complex lipid synthesis disorders may also present with
transient cholestatic liver disease: the MEGDHEL syndrome (SERAC mutation),
which can mimic Niemann-Pick type C disease with a positive filipin test and the
spastic paraparesis type 5 owing to oxysterol 7-hydroxylase deficiency.9,10

� Liver steatosis: Hepatic presentations of fatty acid oxidation disorders and urea
cycle disorders consist of acute steatosis or Reye’s syndrome presenting with
normal bilirubin rather than true liver failure. Long-chain 3-hydroxyacyl-CoA de-
hydrogenase deficiency is an exception, which may present early in infancy (but
not strictly in the neonatal period) as cholestatic jaundice, liver failure, and hepat-
ic fibrosis. Chanarin-Dorfman syndrome (ABHD5 mutations) presents early in in-
fancy with liver steatosis, cataract, deafness, congenital ichthyosis, and
myopathy, whereas the newly described cytoplasmic glycerol-3-phosphate de-
hydrogenase 1 deficiency displays an asymptomatic early infantile hepatomeg-
aly and steatosis with transient hypertriglyceridemia9,10

� Hepatosplenomegaly with other signs of storage disorders (coarse facies, mac-
roglossia, hydrops fetalis, ascites, edema, dysostosis multiplex, vacuolated lym-
phocytes) are observed in lysosomal diseases. Hepatosplenomegaly with
inflammatory syndrome, including hematologic or immunologic features, may
be observed in lysinuric protein intolerance (a macrophage-activating syndrome
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and leukopenia), mevalonic aciduria, (inflammatory syndrome and recurrent se-
vere anemia), and transaldolase deficiency (hydrops fetalis with severe anemia).

� Congenital diarrheal disorders may be caused by mutations in genes related to
disaccharidase deficiency, ion or nutrient transport defect like SLC26A3 muta-
tions causing congenital secretory chloride diarrhea, pancreatic insufficiency,
lipid trafficking, or PMI-CDG(Ib) and ALG8-CDG(Ih). A disorder presenting with
congenital diarrheal disorders linked to DGAT1 mutations involved in triglycer-
ides synthesis has been described recently. Affected neonates present with
vomiting, colicky pain, and nonbloody, watery diarrhea, protein-losing enteropa-
thy, hypoalbuminemia, and hyperlipidemia.

Cardiac presentations
Somemetabolic disorders can present predominantly with cardiac disease. Heart fail-
ure and a dilated hypertrophic cardiomyopathy, most often associated with hypotonia,
muscle weakness, and failure to thrive, suggests fatty acid oxidation disorders, respi-
ratory chain disorders, or Pompe disease. Consider the possibility of a carnitine-
uptake defect (systemic carnitine defect), which responds dramatically to carnitine
administration. CDG syndrome can sometimes present in infancy with cardiac failure
owing to pericardial effusion, cardiac tamponade, and cardiomyopathy. Many defects
of long-chain fatty acid oxidation can present with cardiomyopathy, arrhythmias, or
conduction defects, which may lead to cardiac arrest.

Initial approach to investigation
If clinical assessment suggests IEM, general supportive measures and laboratory inves-
tigations should be undertaken concurrently (Table 4). Abnormal urine odor can be diag-
nostic. Acetonuria (2–31) in a newborn is always abnormal and is an important sign of
metabolic disease. The metabolic acidosis of organic acidurias is usually accompanied
by an elevated anion gap. Hyperammonemia with ketoacidosis suggests an underlying
organic acidemia. An elevated ammonia level alone can induce respiratory alkalosis. Pro-
pionic,methylmalonic,and isovalericacidemias frequentlypresentwithgranulocytopenia
and thrombocytopenia,whichmaybemistaken for sepsis. Adequate amountsofplasma,
urine,bloodon filterpaper, andcerebrospinal fluidshouldalwaysbestored,because they
may later be important in establishing a diagnosis. How to make use of these precious
samples should be carefully planned after getting advice from specialists in IEM.

Approach to therapy
Immediate therapy of acute encephalopathy owing to any of the likely IEM involves
measures to decrease the production of offending metabolites and to increase their
excretion. Treatment should include the following steps.

1. Ensure adequate cardiorespiratory function to allow removal of any accumulating
metabolites. Adequate hydration is essential to maintain good urine output, because
many of the offending diffusible metabolites are freely filtered at the glomerulus.

2. Reverse the catabolic state and reduce exposure to the offending nutrients. Neo-
nates with severe ketoacidosis present with intracellular dehydration that is often
underestimated. In this situation, aggressive rehydration with hypotonic fluids and
alkalization may cause or exacerbate preexisting cerebral edema. Acidosis can
be partially corrected with bicarbonate via intravenous administration, especially if
it does not improve with the first measures applied for toxin removal. However,
aggressive therapy with repeated intravenous doses of bicarbonate may induce hy-
pernatremia, cerebral edema, and even cerebral hemorrhage. In mildly affected in-
dividuals, hydration can be performed using a standard 5% to 10%glucose solution
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Table 4
Protocol for emergency investigations (neonatal and late-onset situations)

Immediate Investigations Storage of Samples

Urine Smell (special odor)
Look (special color)
Urine dipstick tests for acetone,

reducing substances, pH, sulfites
Electrolytes (Na, K), urea, creatinine
Uric acid

Urine collection: collect fresh sample
and put it in the refrigerator

Freezing: freeze samples collected
before and after treatment
at �20�C, and collect an aliquot
24 h after treatment

Metabolic investigation: OAC, AAC,
orotic acid, porphyrins

Blood Blood cell count
Electrolytes (search for anion gap)
Glucose, calcium
Blood gases (pH, PCO2, HCO3, H, PO2)
Uric acid
Prothrombin time
Transaminases (and other liver tests)
CK
Ammonia
Lactic
3-hydroxybutyrate
Free fatty acids

Plasma (5 mL) heparinized at �20�C
Blood on filter paper: 2 spots (as
“Guthrie” test)

Whole blood (10 mL) collected on
EDTA and frozen (for molecular
biology studies)

Major metabolic investigations: Total
homocysteine, AAC, acylcarnitine
(tandem MS), OAC, porphyrins,
neurotransmitters

Miscellaneous Lumbar puncture
Chest radiograph
Cardiac ultrasound, ECG
Cerebral ultrasound, EEG

Skin biopsy (fibroblast culture)
CSF (1 mL), frozen
(neurotransmitters, AA)

Postmortem: liver, muscle biopsies

Abbreviations: AA, amino acid; AAC, amino acid chromatography; CK, creatine kinase; CSF, cere-
brospinal fluid; DNPH, dinitrophenylhydrazine; ECG, electrocardiogram; EDTA, ethylenediamine-
tetraacetic acid; EEG, electroencephalogram; MS, mass spectrometry; OAC, organic acid
chromatography.
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containing 75 mmol/L of Na1 (4.5 g/L of NaCl) and 20 mmol/L of K1 (1.5 g/L of KCl).
High-calorie, protein-free nutrition should be started in parallel, using carbohydrates
and lipids to provide 100 kcal/kg/d. Initially, for the 24- to 36-hour period needed to
test gastric tolerance, parenteral and enteral nutrition are used together.

3. After these measures have been instituted, and even before a precise biochemical
diagnosis has been made, begin hemodialysis or hemofiltration to remove the of-
fending small molecules as quickly as possible if the affected individual is coma-
tose or semicomatose.

4. Provide therapy specific to the disease, for example,:
A. Whatever the disease, nutrition is extremely important and both the method of

administration and the appropriate diet and nutrition must be rapidly deter-
mined. Briefly, 4 types of diet can be considered: normal, low protein, carbohy-
drate restricted, and high glucose, with or without lipid restriction.

B. Cofactor administration, which sometimes improves the function of a geneti-
cally defective enzyme (eg, vitamin B6 in recurrent intractable seizures, vitamin
B12 in some cases of methylmalonic aciduria because it is a cofactor for
methylmalonyl-CoA mutase).

C. Metabolic manipulation and cleansing drugs, such as administering sodium
benzoate in hyperammonemias or carnitine in organic acidurias, to divert a toxic
substrate to a benign excretable form.
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Later Onset, Acute, and Recurrent Attacks (Late Infancy and Beyond)

In about 50% of individuals with IEM, onset of symptoms is delayed. The symptom-
free period is often longer than 1 year and may extend into late childhood, adoles-
cence, or even adulthood. Each attack can follow a rapid course ending either in
spontaneous improvement or unexplained death despite supportive measures. Be-
tween attacks, the affected individual may seem to be normal. The onset of acute dis-
ease may occur without an overt cause, but may be precipitated by an intercurrent
event related to excessive protein intake, prolonged fasting, prolonged exercise, or
any condition that enhances protein catabolism.

� Recurrent crises in a context of chronic encephalopathy or neurologic deteriora-
tion is an important signal for an IEM.

Coma, strokes, and attacks of vomiting with lethargy
Acute encephalopathy is a commonproblem in children andadultswith IEM. All types of
comamaybe indicative of an IEM, including thosepresentingwith focal neurologic signs
(Table 5). Neither the age at onset, the accompanying clinical signs (hepatic, gastroin-
testinal, neurologic, psychiatric, etc), the mode of evolution (improvement, sequela,
death), nor the routine laboratory data allow an IEM to be ruled out a priori. These comas
maypresentwith orwithout focal neurologic signs. Themain varietiesofmetabolic coma
may be observed in these late-onset, acute diseases, such as predominant metabolic
acidosis, hypoglycemia, hyperammonemia, hyperlactacidemia, or combinations of
these abnormalities. Many late-onset ornithine transcarbamylase deficiencies are first
diagnosedwith viral encephalitis and treatedwith Zovirax.Our aphorism toour residents
was, “Write on the Zovirax box: did you test for hyperammonemia?” A neurologic coma
with focal signs, seizures, severe intracranial hypertension, strokes, or strokelike epi-
sodesmay be also observed in some individuals with organic acidemias and urea cycle
defects. Strokes and cerebrovascular accidents are frequently presenting signs of all
homocystinurias. Major findings are summarized in Table 5.
In summary, all these disorders should be considered in the differential diagnosis of

strokes or strokelike episodes. In fact, these apparent initial acute manifestations are
frequently preceded by other premonitory symptoms, such as acute ataxia, persistent
anorexia, chronic vomiting, failure to thrive, hypotonia, and progressive develop-
mental delay.

� Vaguely defined or undocumented diagnoses, such as encephalitis, basilar
migraine, intoxication, poisoning, or cerebral thrombophlebitis, should therefore
be questioned, particularly when even moderate ketoacidosis, hyperlactatemia,
or hyperammonemia is present.

Acute psychiatric symptoms
Late-onset forms of congenital hyperammonemia, mainly partial ornithine transcarba-
mylase deficiency, can present late in childhood or in adolescence with psychiatric
symptoms. Because hyperammonemia and liver dysfunction can be mild even at
the time of acute attacks, these intermittent late-onset forms of urea cycle disorders
can easily be misdiagnosed as hysteria, schizophrenia, or alcohol or drug intoxication.
Acute intermittent porphyria and hereditary coproporphyria present classically with
recurrent attacks of vomiting, abdominal pain, neuropathy, and psychiatric symptoms.
ATP1A3 andRYR 1mutations encoding the ryanodine receptor mutations may be also
a cause of childhood-onset schizophrenia and other acute psychiatric manifestations.
Individuals with homocysteine remethylation defects may present with schizophrenia-
like episodes that are responsive to folate.
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Tab
Dia stic approach to recurrent attacks of coma and vomiting with lethargy

Clin Presentation Laboratory Studies Other Features
Most Frequent Diagnosis (Disorder/Enzyme
Deficiency) Differential Diagnosis

Me lic coma
(w out focal
n logic signs)

Acidosis (metabolic;
pH <7.20,a

CO3H <10 mmol,
PCO2 <25 mm)

With Ketosis 1 Organic acidurias,a MSUDa Diabetes
Intoxication
Encephalitis

MCD,a PC, RCD
Ketolysis defects,a MCT1a

Gluconeogenesis defectsa

CAVA defecta

TANGO IIa

with or without
hyperammonemia
(NH3 >100 mmol/L)

Without Ketosis – PDH,a ketogenesis defectsa

FAO,a FDP,a EPEMA
Riboflavin transportera

Hyperammonemia
(NH3 >100 mmol/L)

Normal glucose Urea cycle defectsa Reye syndrome
Encephalitis
Intoxication

Triple H,a LPIa

Respiratory alkalosis
(pH >7.45, PCO2 <25)

Hypoglycemia TANGO IIa

FAO (MCAD)a

HMG-CoA lyasea

Hypoglycemia
(<2 mmol/L)

Acidosis 1 Gluconeogenesis defectsa

MSUDa (ketosis 1)
HMG-CoA lyasea

FAOa (ketosis –)

Drugs and toxin
Ketotic hypoglycemia
Adrenal insufficiency
GH deficiency
Hypopituitarism

Hyperlactatemia
(>4 mmol/L)

Normal glucose PC, MCD,a Krebs cycle
Respiratory chain
PDHa (without ketosis)
EPEMA syndrome

Hypoglycemia Gluconeogenesis defectsa (ketosis variable)
FAOa (moderate hyperlactatemia, no ketosis)
TANGO II
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Neurologic coma
(with focal signs,
seizures, or
intracranial
hypertension)

Biological signs are
very variable, can be
absent or moderate;
see “Metabolic coma”

Cerebral edema MSUD,a OTCa Cerebral tumor
Migraine
Encephalitis

Hemiplegia
(hemianopsia)

MSUD,a OTC,a MMA,a PA,a PGK Moyamoya syndrome

Extrapyramidal signs MMA,a GA I,a Wilson’s diseasea

Homocystinuriaa
Vascular hemiplegia

Basal ganglia necrosis BBGD (caudate and putamen necrosis)a

Leigh syndromea
Cerebral thrombophlebitis
Infectious acute necrotizing

encephalitis
Stroke and Strokelike

symptoms
UCD,a MMA,a PA,a IVAa

Respiratory chain (MELAS)
Homocystinuriasa

CDG syndrome
Thiamine-responsive megaloblastic anemiaa

Fabrya (rarely presenting sign)
Maltase acid (rare)
GLUT 10

Cerebral tumor
Reye’s syndrome

RECA (some of them
develop generalized
dystonia)

ATP1A3

Abnormal coagulation Thromboembolic
accidents

Homocystinurias (all kinds)a

Hemolytic anemia CDG, PGK

(continued on next page)
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Table 5
(continued )

Clinical Presentation Laboratory Studies Other Features
Most Frequent Diagnosis (Disorder/Enzyme
Deficiency) Differential Diagnosis

Hepatic coma
(hepatomegaly
cytolysis or liver
failure)

Normal bilirubin
Slight elevation of

transaminases

Steatosis and fibrosis FAO,a UCDa Hepatitis
Reye’s syndrome

Reye syndrome Hyperlactatemia Liver failure Respiratory chain defects
Hemolytic jaundice Cirrhosis Wilson’s diseasea

Manganese transporter deficiencya

Hypoglycemia Exudative enteropathy Hepatic fibrosis with enteropathy (CDG Ib)a

Abbreviations:BBGD, biotin-responsive basal ganglia disease also knownas biotin-thiamine-responsive basal ganglia disease; CDG, carbohydrate-deficient glycoprotein
syndrome; EPEMA, encephalopathy, petechiae, ethylmalonic aciduria syndrome; FAO, fatty acid oxidation; FDP, fructose 1-6 diphosphatase; GA, glutaric aciduria; GH,
growth hormone; GLUT 10,Glucose transporter 19; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; IVA, isovaleric acidemia; LPI, lysinuric protein intolerance;
MCD,multiple carboxylase deficiency; MCT, monocarboxylic acid transporter; MELAS, mitochondrial encephalopathy lactic acidosis stroke-like episodes; MMA,methyl-
malonic acidemia;MSUD,maple syrupurine disease; OTC, ornithine transcarbamylase; PA, propionic acidemia; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase;
PGK, phosphoglycerate kinase; RCD, respiratory-chain defects; RECA, relapsing encephalopathy with cerebellar ataxia; TANGO II, transport and Golgi organization 2;
UCD, urea cycle disorders.

a Treatable disorders.
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Inborn Errors of Metabolism Overview 199
� In view of these possible diagnoses, it is justified to systematically measure
ammonia, porphyrins, and plasma homocysteine in every individual presenting
with unexplained acute psychiatric symptoms.28

Reye’s syndrome, sudden unexpected death in infancy, and near miss
There is now considerable evidence that many IEM responsible for Reye’s syn-
drome (mostly fatty acid oxidation and urea cycle defects) were misdiagnosed in
the past because of inadequate research into IEM. True sudden unexpected death
in infancy owing to an IEM is a rare event despite the large number of publications
on the topic and despite the fact that at least 30 metabolic defects are possible
causes.29 However, it is important to note that this assertion is not true in the first
week of life.

� Fatty acid oxidation disorders are a major cause of sudden unexpected death in
infancy or near-miss in the first weeks of life.

Exercise intolerance and recurrent myoglobinuria
In the glycolytic disorders mostly observed in late childhood, adolescence, or adult-
hood, exercising muscle is most vulnerable during the initial stages of exercise and
during intense exercise. A “second-wind” phenomenon sometimes develops. The cre-
atine kinase level remains elevated inmost affected individuals. Themost frequent and
typical disorder in this group is McArdle’s disease.
In the fatty acid oxidation disorders, attacks of myoglobinuria occur typically after

mild to moderate prolonged exercise and are particularly likely when affected individ-
uals are under additional stress during fasting, cold, or infection (see Jerry Vockley and
Areeg El-Gharbawy’s article, “Inborn Errors of Metabolism with Myopathy: Defects of
Fatty Acid Oxidation and the Carnitine Shuttle System,” in this issue).
Mutations in TANGO2 encoding transport and Golgi organization 2 homolog have

been described recently in infants and children with episodic rhabdomyolysis, hypo-
glycemia, hyperammonemia, and susceptibility to life-threatening cardiac tachyar-
rhythmias mimicking a fatty acid oxidation defect.30 Mutations in RYR 1 encoding
the ryanodine receptor present with muscle rigidity and rhabdomyolysis when affected
individuals are exposed to general anesthesia in infancy. Lipin1 mutations have been
found recently to be the second most frequent cause of unexplained recurrent myo-
globinuria triggered by fever after exclusion of primary fatty acid oxidation disorder
in infancy. Respiratory chain disorders can present with recurrent muscle pain and
myoglobinuria from the neonatal period to adolescence.

Chronic Gastrointestinal Involvement, Failure to Thrive, Anemia, and Recurrent
Infections

Gastrointestinal nonspecific findings (anorexia, failure to thrive, chronic vomiting) and
osteoporosis occur in a wide variety of IEM. Unfortunately, their cause often remains
unrecognized, further delaying diagnosis. Persistent anorexia, feeding difficulties,
chronic vomiting, failure to thrive, frequent infections, osteopenia, generalized hypoto-
nia in association with chronic diarrhea, anemia, and bone marrow suppression are
frequent presenting symptoms and signs in IEM. They are easily misdiagnosed as
cow’s milk protein intolerance; celiac disease; chronic ear, nose, and throat infections;
late-onset chronic pyloric stenosis; and so on. Congenital immunodeficiencies are
also frequently considered, although only a few congenital immunodeficiencies pre-
sent early in infancy with this clinical picture.

� When there is no definitive diagnosis despite extensive gastroenterological,
hematologic, and immunologic testing, it is necessary to seriously consider
Downloaded for Anonymous User (n/a) at Hacettepe Universitesi from ClinicalKey.com by Elsevier on March 06, 2018.
For personal use only. No other uses without permission. Copyright ©2018. Elsevier Inc. All rights reserved.
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Chronic Encephalopathy

With extraneurological involvement Can appear as isolated neurological disorders

With progressive
neurodegenera�on

Predominant
cogni�ve and 

behavioural signs

Predominant motor features
(but cognitve func�on can be 

also impaired)
Muscle
Heart

Visceral: Liver,
Spleen,Lungs

Eye Skin
Connec�ve

�ssue

-Mitochondrial
-CDG
-Organic
acidemias
(cardiac)
-Fa�y acid
oxida�on
(LCHAD, 
trifunc�onal
protein)
-Complex lipids
(Lipin1, 
Sengers, 
Choline kinase )

-Lysosomal
(Gaucher, 
Niemann-Pick, 
MPS, GM…)
-CDG 
syndromes
-Peroxisomal
-Complex lipids
(Chanarin-
Dorfman, 
Mevalonate
kinase)

Re�nopathy
-Mitochondrial
-Peroxisomal
-CDG
-LSD (GM1, CLN)
-Complex lipids
-Vit E, LCHAD
Cataracts
-Galactosemia
-LPI
-Peroxisomal
-Complex lipids
(Lowe, ELOV4, 
Chanarin-Dorfmann,
Sjogren-Larsson.
CTX, Sengers)
Ectopia len�s
-Homocys�nuria
-Sulphite oxidase
Op�c atrophy
-Energy
disorders(mito, OA,
PDH, MCD)
-LSD, CLN, Canavan
-Pelizaeus
Merzbacher
-CDG
-Complex lipids
-ATP1A3 (CAPOS)

Presen�ng as 
epilep�c

encephalopathy

Icthyosis
-Peroxisomal
-Complex lipids
(CEDNIK,MEDNIK, 
SjoegrenLarsson..)
-CDG (dolichol..)
Hair signs
-Menkes
-LPI,AAS
-Argininemia
-Bio�ne responsive
MCD
Bone dysplasia
-Peroxisomal
-MPS
-Mucolipidosis
-Cholesterol
synthesis defects
-Complex lipids
-O-CDG

-Lysosonal
(Niemann-Pick, 
Gaucher, CLN, 
Krabbe, GM…)
-Some
mitochondrial
disorders
(MELAS, 
MERRF, 
mitDNA
deple�ons..)
-Complex lipid
defects
(NBIA, ALD, 
MEGDEL, 
different
causes of 
ataxia and 
spas�c
paraparesis)
-Metal 
disorders
-New 
categories
(trafficking, 
autophagy..)

Aminoacid disorders
-UCD
-Homocys�nurias
-BCDH kinase
-Hartnup disease
-SSADH

SLO (mild forms)
Purine disorders
Crea�ne transport
defect

Any neurodegenera�ve
disorder star�ng at late 
infancy or beyond

Vitamin dependent
GLUT-1 deficiency
Complex lipid defects
(GPI-anchor defects)
Some mitochondrial
disorders (POLG, 
MERRF)
CLN , Metal defects, 
CAD muta�ons

Predominant NRL phenotype (although
signs may usually overlap)

Ataxia
-GLUT-1, Vit E related
-Peroxisomal (Refsum)
-CDG syndromes
-Lysosomal (Niemann-Pick)
-Complex lipid defects, CTX
-Mitocondrial (CoQ10, PDH, NARP)
-Hartnup, purine disorders
Dystonia-parkinsonism, and other MD
-Neurotransmi�er defects
-Metal disorders
-Crea�ne synthesis defects
-Mitochondrial (TBRBG, Leigh)
-Lesch-Nyhan
-Organic acidurias (GAI), Lysosomal
(CLN)
-Trafficking, autophagy
Spas�c paraparesis
-Complex lipid defects, trafficking
-Amino acid disorders (HHH, 
argininemia, OAT, Homocysteine
remethyla�on defects
Peripheral Neuropathy
-Peroxisomal
-Complex lipid defects
-LCHAD, homocysteine remethyla�on
-Lysosomal (Krabbe, MLD)
-Cockayne
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Inborn Errors of Metabolism Overview 201
conditions such as organic aciduria-methylmalonic aciduria, propionic acidemia,
isovaleric acidemia, urea cycle defects, lysinuric protein intolerance, and respira-
tory chain defects

Developmental Delay and Neurologic Syndromes

Neurologic symptoms are very frequent and encompass progressive psychomotor
retardation, seizures, several neurologic abnormalities in both the central and periph-
eral nervous systems, sensorineural defects, and psychiatric symptoms.31–33 In the
21st century, many new disorders involving the nervous system were revealed using
a genome-wide next-generation sequencing approach, in an individual in whom clin-
ical suspicion of an IEM was low before genetic testing. This finding is mostly true for
the mitochondrial disorders (>300 new defects), congenital disorders of glycosylation
(>100 new defects), and the new category of complex lipid and fatty acid synthesis
and remodeling defects (>60 new disorders). A highly simplified general approach
to identification of IEM associated with chronic encephalopathy is shown in Fig. 1.
Some IEM start in early childhood with rather unspecific or insidious symptoms and
become characteristic only in adulthood.34

� The clinical approach should be always based on searching for associated
extraneurologic symptoms. These signs are sometimes obvious, like generalized
ichthyosis, massive hepatosplenomegaly, bone dysplasia, or severe myocardi-
opathy, and so on, but may also be subtle and easily missed if not systematically
investigated like isolated moderate splenomegaly, interstitial pneumonia, retinitis
pigmentosa, macrocytic anemia, or poikilocytosis.

Table 6 presents laboratory tests for investigating neurologic syndromes and fo-
cuses on treatable IEM. Disorders requiring urgent attention (in hospital emergency fa-
cilities) are noted.

Specific Organ Signs and Symptoms

IEM can involve any organ or system in any scenarios at any age, the specific descrip-
tion of which is beyond the scope of this general article.
Fig. 1. Diagnostic approach to chronic encephalopathy. AAS, arginino succinic aciduria; ALD,
adrenoleukodystrophy; BCDH, branched chain dehydrogenase; CAD, gene that encodes a
multifunctional enzyme complex (comprising glutamine amidotransferase, carbamoyl phos-
phate synthase, aspartate transcarbamylase,dihydroorotase); CAPOS,episodic cerebellarataxia,
areflexia (peripheral neuropathy), optic atrophy, and sensorineural hearing loss; CDG, congen-
ital disorders of glycosylation; CLN, ceroid neuronal lipofuscinosis; CoQ10, coenzyme Q10;
CTX, cerebrotendinous xantomatosis; GAI, Glutaric aciduria type I; GLUT-1, glucose transporter
deficiency type 1; GM, gangliosidosis; GPI, glycosidilphosphoinositol; HHH, hyperornithinemia,
hyperammonaemia, homocitrullinuria; LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase;
LPI, lysinuric protein intolerance; LSD, lysosomal storage disorders; MCD, multiple carboxylase
deficiency; MD, movement disorders; MEGDEL, 3-methylglutaconic aciduria, deafness,
encephalopathy, Leigh-like disease; MELAS, mitochondrial encephalomyopathy, lactic acidosis,
strokelike episodes; MERRF, myoclonic epilepsy, ragged-red fibers; MLD, metachormatic leuko-
dystrophy; MPS, mucopolysaccharidoses; NARP, neuropathy, ataxia, retinopathy, peripheral
neuropathy; NBIA, neurodegeneration with brain iron accumulation; OA, organic acidurias;
OAT, ornithine aminotransferase; PDH, pyruvate dehydrogenase; POLG, polymerase gamma
deficiency; SLO, Smith-Lemli-Opitz syndrome; SSADH, succinyl semialdehyde dehydrogenase;
TBRBG, thiamine biotin responsive basal ganglia disease; UCD, urea cycle disorders.

=
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Table 6
Recommended laboratory tests in neurologic syndromes focused on treatable inborn errors of metabolisma

Predominant Neurologic
Syndrome

Laboratory Tests (Rational Approach Based on Associated
Clinical Signs and Treatable Disorders) Disorders

Isolated developmental
delay/ID

� Basic laboratory testsb: blood glucose, acid–base status,
blood counts, liver function, creatine kinase, uric acid,
thyroid function, alkaline phosphatase

� Plasma: lactate, ammonium, amino acids, total homocyste-
ine, folate, biotinidase activity

� Urine: creatine metabolites, organic acids (including
4-hydroxybutyric acid), amino acids, GAGs, purines,
pyrimidines,

� Consider maternal phenylalanine

PKU,a homocystinurias,a urea cycle defects,a amino acid
synthesis defects, thyroid defects,a biotinidase deficiency,a

Hartnup diseasea

With dysmorphic features � Consider also plasma sterols, peroxisomal studies (very
long-chain fatty acids, phytanic acid, plasmalogens),
transferrin isoelectric focusing for glycosylation studies
(CDG), mucopolysaccharides and oligosaccharides in urine

� For the study of ID with or without dysmorphic features,
genetic tests (cytogenetic studies, microarrays, NGS, and
targeted studies) have the highest diagnostic yield.

SLO syndrome, peroxisomal diseases (only partially by some
supplements) mucopolysaccharidosis

Oligosaccharidosis
Sialidosis
CDG
Some PL synthesis

Behavioral and psychiatric
manifestations including
autistic signs

� Basic laboratory testsb

� Plasma: ammonium, amino acids, total homocysteine,
folate, sterols (including oxysterols), copper, ceruloplasmin

� Urine: GAGs, organic acids (4-hydroxybutyric acid), amino
acids, purines, creatine, creatinine, and guanidinoacetate

� Depending on additional clinical signs and brain MRI
pattern: peroxisomal studies, lysosomal studies

PKU,a urea cycle disorders,a homocystinurias,a folate
metabolisma

Wilson’s disease,a BCKDH kinase deficiency, CTD, mild forms of
SLO, Niemann-Pick type C disease, X-ADL (at some stages),
Hartnup disease, MPS III
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Epilepsy � Basic laboratory testsb adding calcium, magnesium and
manganese

� Plasma: lactate, ammonium, amino acids, total homocyste-
ine, folate, biotinidase activity, copper and ceruloplasmin,
VLCFA

� Urine: organic acids, creatine, creatinine and guanidinoa-
cetate, sulfite test, purines and pyrimidines, pipecolic acid
and 5-AASA

� CSF: glucose, lactate, amino acids, 5-MTHF, pterins, biogenic
amines, GABA

� Consider lysosomal studies and targeted tests if PME
� Consider genetic tests for GPI-anchor biosynthesis pathway

defects and other defects of complex lipid synthesis (FA2H,
ELOVL4, GM3 synthetase)

GLUT-1,a homocystinurias,a IEM of folate metabolism,a organic
acidurias,a biotinidase deficiency,a creatine synthesis defects,
serine biosynthesis defects, Menkes disease (only partially
treatable), late-onset forms of pyridoxine-dependent
epilepsy,a pterin defects (DHPR),a AADC deficiency,a MoCo
deficiency (cyclic pyranopterin monophosphate: treatment
recently introduced)

Ataxia � Basic laboratory testsb adding albumin, cholesterol, triglyc-
erides, and alpha-fetoprotein

� Plasma: lactate, pyruvate, ammonium, amino acids, bio-
tinidase activity, vitamin E, sterols (including oxysterols),
ceruloplasmin, peroxisomal studies (including phytanic
acid), coenzyme Q10, transferrin electrophoresis

� Urine: organic acids (including 4-hydroxybutyric and meva-
lonic acids), amino acids, purines

� CSF: glucose, lactate, pyruvate
� Consider lysosomal/mitochondrial/NBIA studies depending

on the clinical and brain MRI signs. Consider lipidome
studies (plasma, CSF)

� Consider genetic panels of inherited ataxias

PDH deficiency (thiamine-responsive; ketogenic diet),a

biotinidase deficiency,a GLUT-1,a abetalipoproteinemia,
CTX,a Refsum disease, coenzyme Q10 deficiencies,a Hartnup
disease, Niemann-Pick type C disease

CDGs

(continued on next page)
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Table 6
(continued )

Predominant Neurologic
Syndrome

Laboratory Tests (Rational Approach Based on Associated
Clinical Signs and Treatable Disorders) Disorders

Dystonia-Parkinsonism � Basic laboratory testsb

� Plasma: lactate, pyruvate, ammonium, amino acids,
biotinidase activity, sterols (including oxysterols), copper,
ceruloplasmin, uric acid, manganese

� Urine: organic acids, uric acid, creatine, creatinine and
guanidinoacetate, purines, GAGs, oligosaccharides

� CSF: glucose, lactate, pyruvate, amino acids, 5-methyltetra-
hydrofolate, pterins, biogenic amines, GABA

� Consider lysosomal/mitochondrial/NBIA studies depending
on the clinical and brain MRI signs

� Consider genetic panels of inherited dystonias, parkin-
sonism, and other NGS techniques

Neurotransmitter defects,a GLUT-1 deficiency,a thiamine
transport defects (TBBGD),a PDH defects,a organic acidurias,a

homocystinurias,a IEM of folate metabolism,a defects of
creatine biosynthesis, Wilson’s disease,a biotinidase
deficiency,a Niemann-Pick type C disease, CTX,a manganese
defectsa

Chorea � Basic laboratory testsb

� Plasma: lactate, pyruvate, ammonium, amino acids, total
homocystinuria, folate, biotinidase activity, sterols
(including oxysterols), copper, ceruloplasmin, uric acid,
galactose 1 P, transferrin electrophoresis

� Urine: organic acids, uric acid, creatine, creatinine and gua-
nidinoacetate, purines, galactitol, sulfite test

� CSF: glucose, lactate, pyruvate, amino acids, 5-methyltetra-
hydrofolate, pterins, biogenic amines, GABA

� Consider NCL studies and GPI-anchor synthesis defect
genetic tests

Consider genetic panels of inherited choreas, and other NGS
techniques

Glutaric aciduria I and other classic organic acidurias (MMA,
PA), GAMT, GLUT-1, homocystinurias, pterin and
neurotransmitter defects, Niemann-Pick disease type C,
Wilson’s disease,a galactosemia, cerebral folate deficiency
owing to FOLR mutations, MoCo deficiency, NKH
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Spasticity � Basic laboratory testsb

� Plasma: lactate, pyruvate, ammonium, amino acids, total
homocystinuria, folate, biotinidase activity, vitamin E, tri-
glycerides, cholesterol, sterols, peroxisomal studies

� Urine: organic acids, amino acids, GAGs, oligosaccharides,
sialic acid, purines

� CSF: biogenic amines, pterins and 5-MTHF
� Consider lysosomal/mitochondrial/NBIA studies depending

on clinical and MRI findings
� Consider genes related to HSP and plasma, CSF lipidome

HHH, arginase deficiency, ornithine aminotransferase
deficiency, homocysteine remethylation defects, biotinidase
deficiency, cerebral folate deficiencies, dopamine synthesis
defects (atypical TH), CTX, vitamin E deficiency

Peripheral neuropathy � Basic laboratory testsb

� Plasma: lactate, pyruvate, ammonium, amino acids, folate,
vitamin E, triglycerides, cholesterol, acylcarnitines, sterols,
peroxisomal studies, transferrin electrophoresis

� Urine: amino acids, GAGs, oligosaccharides, thymidine,
porphyrins

� Consider lysosomal/mitochondrial/NBIA studies depending
on clinical and MRI findings

Refsum disease, X-ADL (treatable at some stages),
homocysteine remethylation defects, CTX,
abetalipoproteinemia, LCHAD, trifunctional protein, PDH,
vitamin E malabsorption, ornithine aminotransferase, serine
deficiency

Abbreviations: 5-AASA, 5-aminoadipic semialdehyde; 5-MTHF, 5-methyltetrahydrofolate; AADC, amino acid decarboxylase; BCKDH, branched chain keto acid de-
hydrogenase; CDG, carbohydrate-deficient glycoprotein syndrome; CSF, cerebrospinal fluid; CTD, carnitine transport defect; CTX, cerebrotendinous xanthomato-
sis; DHPR, dihydropteridine reductase; FOLR, folate receptor; GABA, gamma aminobutyric acid; GAG, glycosamineglycan; GAMT, guanidinoacetate
methyltransferase; GLUT-1, glucose transport I; GPI, glycosylphosphatidylinositol; HHH, hyperammonemia, hyperornithinemia, homocitrullinuria; HSP, hereditary
spastic paraparesis; ID, intellectual disability; IEM, inborn errors of metabolism; LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase; MMA, methylmalonic
aciduria; MoCo, molybdenum cofactor deficiency; MPS, mucopolysaccharidoses; NBIA, neurodegeneration with brain iron accumulation; NCL, neuronal ceroid
lipofuscinosis; NGS, next-generation sequencing; NKH, nonketotic hyperglycinemia; PA, propionic academia; PDH, pyruvate dehydrogenase deficiency; PKU,
Phenylketonuria; PL, phospholipids; PME, progressive myoclonus epilepsy; SLO, Smith-Lemli-Optiz syndrome; TH, tyrosine hydroxylase; VLCFA, very long chain
fatty acids; X-ADL, x-linked adrenoleukodystrophy.

a Treatable disorders.
b These basic laboratory tests should be considered as a routine screening in every neurologic syndrome.
Adapted from Saudubray JM, Baumgartner M,Walter J. Inborn metabolic diseases diagnosis and treatment, vol. 1. 6th edition. Heidelberg (Germany): Springer;

2016. p. 658.
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Saudubray & Garcia-Cazorla206

Do
WHEN AND HOW FAR TO INVESTIGATE A METABOLIC DISORDER

All organs being dependent on cellular metabolism, it could be anticipated that IEM
can potentially disturb all organs and cellular systems in any scenario at any age
and with any mode of heredity. But of course this does not mean that extensive meta-
bolic investigations are required in all individuals with unexplained symptomatology.
Despite the massive progress accomplished in medical and scientific research that

has to do with the brain, mainly in neurophysiology, brain imaging, classical and mo-
lecular karyotyping, and molecular testing, many individuals with an intellectual
disability remain undiagnosed. Isolated developmental delay or intellectual disability
of apparently unknown cause has become one of themost important concern in public
health because it affects up to 3% of the pediatric population.31

The hope for a treatable, disorder-specific illness or at least a prognosis and genetic
counseling motivates affected individuals and their families to pursue a specific diag-
nosis as early as possible. In this context, IEM are very attractive possibilities (as
compared with other potential diagnoses), because many of them are easily identified
using plasma or urine tests, have a well-understood pathophysiology, are amenable to
treatment, and can be recognized early in pregnancy. However, even in countries
where phenylketonuria is detected by newborn screening, IEM are rarely the cause
of isolated intellectual disability. Furthermore, there is no international agreement
about what type of metabolic tests should be performed on individuals with unspecific
intellectual disability and there are 2 common extremes: physicians with no real knowl-
edge of IEM who unintentionally miss a diagnosis and potentially life-saving treatment
because they do not consider IEM at all, and inexperienced or overly systematic pro-
fessionals performing time- and money-consuming metabolic investigations
in situations that do not call for them because of the pressure for a diagnosis from
affected individuals and their families.
In neurology, several review papers have been published recently describing clinical

algorithms and metabolic protocols in the most frequent neurologic syndromes
(mental retardation, epilepsy, leukodystrophy, abnormal movements, and peripheral
neuropathy) in children30–32 and in adults.34 Per current research, metabolic investiga-
tions can be considered mandatory in 3 circumstances (Box 4).
Most disorders treatable by special diets, vitamins, or cleansing drugs belong to the

intoxication group of intermediary metabolism. Metabolic disturbances can be tran-
sient and may only be present during the acute attack. Some affected individuals
can die during an attack before any metabolic sampling has been performed. Some
metabolic disorders with an acute crisis do not disturb the first-line metabolic profile.
Box 4

Circumstances for mandatory metabolic investigation

1. In urgent situations, owing to an acute decompensation or to a rapid actual or potential
deterioration, it is important to rule out all treatable metabolic disorders. In such
circumstances, sample first, treat, and then think.

2. In case of a new and unexpected pregnancy, appropriate metabolic investigations with
regard to the clinical context of the index case are mandatory to give rapid and accurate
genetic counseling and not to miss an antenatal diagnosis.

3. When symptoms (like intellectual disability and neurologic syndromes) are persistent,
progressive, and remain unexplained after the usual investigations for more common
disorders have been performed, a comprehensive metabolic investigation is also warranted.
The other neurologic scenario where metabolic studies are greatly required is in early
unexplained encephalopathies.
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Some metabolic disturbances must be interpreted in the clinical context. A fasting hy-
poglycemia associated with permanent hepatomegaly, lactic acidosis, or without
concomitant acetonuria is almost always related to an IEM. Conversely, a sporadic
fasting ketotic hypoglycemia without acidosis and hepatomegaly is rarely, if ever,
related to an IEM. That is also true for isolated periodic vomiting with no lethargy,
no hepatomegaly, and no acidosis.
In these contexts, think first and then sample, and send to appropriate laboratories for

specific targeted investigations rather than performing a systematic checklist, which is
time consuming and has a low cost to benefit ratio (see Table 6). In all other circum-
stances, as soon as the basal metabolic tests for identifying treatable disorders have
been performed, it is advisable to wait and see, and to repeat the clinical evaluation.
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