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KEY POINTS

� Early identification and treatment of inborn errors of metabolism can prevent irreversible
damage.

� A normal newborn screen does not rule out an inborn error of metabolism.

� Acute treatment to reverse catabolism does not require precise diagnosis.

� Collect and freeze extra serum and urine samples during the acute presentation.
Pediatricians know that inborn errors of metabolism (IEM) require early diagnosis and
early treatment to prevent permanent neurologic damage.1 Most patients present
acutely in the neonatal period with nonspecific symptoms, but they can appear later
with a few common presentations, including hypoglycemia; hyperammonemia; neuro-
logic abnormalities; and, the focus of this article, increased anion gap metabolic
acidosis. This article intends to help the practicing provider use basic laboratory find-
ings to identify those children at highest risk for an IEM and initiate life-saving and
brain-sparing treatments.
Metabolic acidosis is the accumulation of excess hydrogen ions in the blood. Lower

pH reflects a higher concentration of unbuffered (free) hydrogen ions. Although this is
the physiologically significant issue in most cases of acidosis, accurate diagnosis and
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management is more concerned with the anions accumulating in association with
the hydrogen ion and, in the IEM, these anions may cause toxicity. Metabolic acidosis
can be readily demonstrated through blood gas and electrolyte measurements
and is characterized by decreased blood pH, decreased bicarbonate (HCO3

-), and
decreased PCO2. Specifically, metabolic acidosis is defined as pH less than 7.30,
PCO2 less than 30, and serum HCO3

- less than 15.2 The reduced PCO2 reflects the res-
piratory response to compensate, confirming that the acidosis is not secondary to res-
piratory insufficiency, thus it is a metabolic acidosis.
Basic blood chemistries measure the most common cations and anions in the

serum, sodium (Na1) being the major cation, and chloride (Cl�) and HCO3
- represent-

ing the major anions. Potassium does not contribute much to the total cation load in
the serum because it is primarily intracellular, and it tends to vary because of physio-
logic variation and artifacts due to hemolysis of blood samples. For the purpose of this
discussion, the anion gap (normal 5 7–16) is defined as the difference between the
serum Na1 and the sum of the serum Cl� plus HCO3

-.
These are not all of the ions present in the serum; there is a gap between the

measured cations and anions. The physiologic requirement for electroneutrality
does not allow a true gap between the concentration of cations and anions in the
serum, thus a difference represents the sum of all of the unmeasured ions. An increase
in the anion gap can result from either a decrease in unmeasured cations (eg, hypoka-
lemia, hypocalcemia, hypomagnesemia) or an increase in unmeasured anions (addi-
tional organic compounds circulating).3

Metabolic acidosis can be classified into 2 categories: high anion gap or normal
anion gap acidosis. A reduction in unmeasured cations or an increase in negatively
charged plasma proteins may not be associated with acidosis, thus the anion gap
in the absence of acidosis reflects other types of physiologic disruption that are not
discussed in this article.
Metabolic acidosis with an anion gap greater than 16, reflecting an increase in an

unmeasured anion, is one of the most specific laboratory findings suggestive of an
IEM causing acidosis. Box 1 shows the commonly used mnemonic to remember
the differential diagnosis of high anion gap metabolic acidosis. Initial history and lab-
oratory results should reveal most of these etiologic factors, leaving only unexplained
anions from IEM or significant poisonings in the differential.3 In normal anion gap
metabolic acidosis the decrease in serum HCO3

- is matched by an equivalent increase
in serum Cl�, resulting from direct loss of HCO3

- from the gastrointestinal tract
Box 1

Differential diagnosis of high anion gap metabolic acidosis

MUDPILES

Methanol

Uremia

Diabetic ketoacidosis (ketones)

Propylene glycol ingestion

IEM, infection, isoniazid intoxication, or iron intoxication

Lactic acid (ischemia or hypotension)

Ethylene glycol ingestion

Salicylates
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Inborn Errors of Metabolism with Acidosis 3
(diarrhea), the kidney from renal tubular injury or defect, or from administration of
Cl� rich solutions during hospitalization.
Once metabolic acidosis is classified as high anion gap acidosis, other basic labo-

ratory tests can be helpful in narrowing down the differential. These tests can be
readily performed in most laboratories and results are available quickly:

� Glucose
� Electrolytes
� Liver function tests
� Lactate
� Ammonia
� Serum (or urine) ketones.

A diagnostic approach is outlined in Fig. 1. Hypoglycemia, in the presence of signif-
icant acidosis, is highly suggestive of an IEM. Evidence of liver or kidney dysfunction
may be an indicator of severe hypoxia or organ hypoperfusion; either complicates the
interpretation of IEM.
The metabolism of both lactic acid and ammonia can be altered in defects of mito-

chondrial intermediate metabolism, thus their presence in the setting of acute acidosis
may suggest an IEM. The diagnostic approach to a pure lactic acidosis is shown in
Fig. 2.
The absence of ketones is a major clinical clue. Ketosis is a physiologic response to

fasting, catabolic state, or ketogenic diet. Lack of ketones with hypoglycemia or a fast-
ing state can indicate a disorder of fatty acid oxidation or a disorder in ketone synthe-
sis. (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.) When unanticipated ketosis is present (eg, ketones without fasting and nor-
moglycemia), an IEM should be suspected.3
2 3PCO

Fig. 1. The likely diagnostic outcome in a child presenting with metabolic acidosis based on
simple screening laboratory results that are available within hours of admission in most
health care facilities. HCO3

-, bicarbonate; HMG-CoA, 3-hydroxymethylglutaryl–coenzyme A.
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Fig. 2. A simple approach to evaluation of high anion gap metabolic acidosis in which
lactate elevation accounts for the entire increase in anion gap, thus a pure lactic acidosis.
IV, intravenous; PC, pyruvate carboxylase; PDC, pyruvate dehydrogenase complex; PEPCK,
phosphoenolpyruvate carboxykinase.
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Once these basic laboratory tests have been reviewed, other, more specific
biochemical testing should be performed. Samples of serum, plasma, and urine
should be collected during the acute episode and frozen to be sent later for more spe-
cific testing; these critical tests3 are shown in Box 2.
It is important to briefly discuss the limitations of newborn screening (NBS). (See dis-

cussion of detailed NBS in Ayman W. El-Hattab and colleagues’ article, “Newborn
Screening: History, Current Status, and Future Directions,” in this issue.) Many, but
not all, of the IEM that present with acidosis can be identified before, or around the
time of, becoming symptomatic. Box 3 shows those commonly identified by NBS. Un-
fortunately, a low risk NBS may cause some providers to forget to include IEM in their
differential. Not all IEM are identified by the acylcarnitine profile, which is the assay used
in NBS for organic acidurias and defects of fatty acid oxidation. Also, NBS is a screening
test and, although highly sensitive, it can be falsely negative in some (eg, low excretors
with glutaric aciduria type I [GA-I]4 or variant maple syrup urine disease [MSUD]5).
The underlying biochemical defects in these conditions are permanent, but

increased concentrations of the poorly metabolized compounds are consistently pre-
sent in blood and urine. Physiologic mechanisms to maintain homeostasis and acid-
base balance during metabolic stress allow the affected individual to live in a compen-
sated state with normal pH and normal serum HCO3

-. Normal individuals have a large
Box 2

Critical samples to be collected at the time of acute presentation acidosis

� Plasma amino acids

� Plasma carnitine and acylcarnitine analysis

� Urine organic acids

� Urine acylglycines
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Box 3

Inborn errors of metabolisms typically identified by newborn screening

� Maple syrup urine disease

� Glutaric aciduria, type I

� Propionic acidemia

� Methylmalonic acidemias

� Isovaleric acidemia

� Beta-ketothiolase deficiency

� Biotinidase deficiency

� Holocarboxylase deficiency

� 3-Hydroxymethylglutaryl–coenzyme A lyase deficiency

� 2-Methyl-3-hydroxybutyric acidemia

� 3-Methylglutaconic aciduria

� 3-Methylcrotonyl–coenzyme A carboxylase deficiency

Inborn Errors of Metabolism with Acidosis 5
capacity to buffer the increased production of organic acids produced during stress;
however, the individual with an IEM producing excess acid has markedly diminished
reserve capacity. During periods of increased catabolism of proteins due to intercur-
rent illness, prolonged fasting, surgery, or intense physical or emotional stress, these
compensatory mechanisms are rapidly overwhelmed, resulting in acute, and often se-
vere, acidosis.
This acute metabolic decompensation is a true medical emergency and, like most

medical emergencies, is best managed by anticipation and avoidance rather than
by correction after it has occurred. For this reason, families are instructed to contact
their metabolic provider during episodes of illness, particularly with fever, vomiting, or
anorexia due to illness; or before fasting for medical or social reasons. Prophylactic
hospital admission is often necessary to provide aggressive nutritional and fluid sup-
port and is, in fact, the standard of care if appropriate support cannot be safely and
reliably provided at home.
Questions have been raised in the popular press regarding the safety of vaccines in

individuals with IEM. Few studies directly address this issue, but the safety of routine
immunizations in individuals with IEM is accepted.6,7 In a study of metabolically fragile
children with urea cycle disorders, there was no increase in frequency of metabolic
decompensation in the 21 days after vaccine administration than in the 7 days before,
suggesting that vaccines, and the inflammatory response they produce, are not a sig-
nificant cause of metabolic decompensation.6 In a survey of metabolic specialists,
78% reported never having had a child have an adverse outcome related to a vaccine,
and another 21% reported only seldom or once, with more than 90% agreeing that
“the benefits outweigh the risks” for routine administration of recommended vaccines
for children with IEM.7 In sum, lacking significant evidence to the contrary, and consis-
tent with widely held expert opinion, children with IEM associated with acute acidosis
should receive all immunizations according to the current recommendations.
Details of acute support during metabolic decompensation are shown in Fig. 3. Scru-

pulous attention to maintenance of electrolytes, minerals, and appropriate free water is
critical; and, in the face of significant acidosis (pH <7.2), is best accomplished in an
intensive care setting. Appropriate fluid resuscitation is critical because individuals
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Fig. 3. The general approach to treatment of metabolic acidosis due to IEM. See the article for specific examples of situations in which modification of
this standard approach is needed.
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Inborn Errors of Metabolism with Acidosis 7
are often dehydrated at the time of presentation, but close monitoring is needed
because of the risk of cerebral edema in the acutely decompensated, acidotic child.
A not uncommon complication of systemic acidosis in most or all of these conditions

is acute pancreatitis.8,9 The specific mechanism is not known, although it has been
speculated that the systemic acidosis leads to activation of trypsin and other proteases
inside the pancreas, whereas typically these proteases are maintained in a proform until
exposed to acid in the duodenum. Because the symptoms of acute pancreatitis may be
overlooked in the acutely ill child with vomiting for other reasons, it is prudent to order
biochemical testing early in the evaluation (amylase and lipase are generally reasonable
markers) and whenever there is an unexpected deterioration in clinical status.
Managementof acute pancreatitis is not significantly different in childrenwith IEM than

thosewithothercauses. Intravenous (IV) lipid infusionhasbeen found tobegenerally safe
and well tolerated during treatment of acute pancreatitis,10 thus this mainstay of meta-
bolic support in treatment of acute metabolic acidosis does not need to be stopped if
pancreatitis is diagnosed as a complication of the acidosis. Avoidance of hypertriglycer-
idemia, whether due to IV lipid emulsions or high glucose-infusion rates, is important,
because it may be an independent risk factor for the development of pancreatitis.
Chronic pancreatitis has also been described in association with IEM associated

with recurrent acidosis. Both acute and chronic pancreatitis can cause mortality in
these conditions.11

The use of IV HCO3
- in the treatment of acute metabolic acidosis has been somewhat

controversial.12,13 In young childrenwith diabetic ketoacidosis, there is a suggestion that
HCO3

- infusion increases the risk of cerebral edema.14 Theargument againstHCO3
- infu-

sion is that it is rapidly converted into carbon dioxide (CO2) in the plasma, which unlike
HCO3

- easily moves into the intracellular environment, potentially worsening intracellular
acidosis. Absent a definitive study, clinical experience suggests that in some cases,
particularly in the ketone utilization defects, infusion of HCO3

- may speed recovery,
thus the practitioner is left to use her or his own judgment. Consideration should be given
to using IV HCO3

- therapy only in moderately severe acidosis (pH <7.2) or worse, in the
setting of renal insufficiency or renal tubular acidosis (eg, methylmalonic acidemia
[MMA]), when the pH is not improving despite adequate fluid resuscitation and treatment
to enhance anabolism, or in the setting of altered mental status that is worsening (with
care taken regarding the possibility of cerebral edema).
The rest of this article focuses on the finding of metabolic acidosis as the presenting

sign of an IEM.
DEFECTS OF ORGANIC ACID METABOLISM

Organic acids occur as intermediates in several intracellular metabolic pathways,
most typically amino acid degradation.3 In contrast to amino acidopathies, for
example, phenylketonuria, organic acidemias frequently disturb mitochondrial energy
metabolism, at least in part by sequestration of free coenzyme A (CoA), leading to
acute metabolic decompensation and acidosis. Some metabolites, including methyl-
malonic and propionic acid metabolites, are able to inhibit other enzyme systems,
particularly those involved in oxidative phosphorylation,15,16 the glycine cleavage sys-
tem,17,18 and the urea cycle.19 This can lead to multiorgan complications, including
neurologic distress, cardiomyopathy, or renal disease.
Table 1 shows clinical findings and details regarding the most common organic

acidemias. See later discussion of examples of several of the more common types
of organic acidemias, with focus on the acute treatment, chronic management, and
prognosis of each.
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Table 1
Typical laboratory and clinical findings with some more common organic acidemias

Organic
Acidemia Ketonesa

Lactic
Acidosisa NH4Da Typical Urine Organic Acids

Typical Plasma
Acyl-Carnitines Sources Clinical Notes

PA 111 11 11 [ 3-OH-propionic
[ propionylglycine
[ methylcitric

Y free or total
[ propionyl-

Propiogenic precursors:
Isoleucine
Threonine
Methionine
Valine

Odd-chained fatty acids
Cholesterol side chain

Cardiomyopathy

MMA 111 11 11 [ methylmalonic
[ 3-OH-propionic
[ propionylglycine
[ methylcitric

Y free or total
[ propionylcarnitine
[ methylmalonylcarnitine

See PA (propiogenic
precursors)

Multiple causes, including
B12 deficiency or
metabolic defect; B12
defects can also have [
plasma homocysteine

MSUDb 111

(alpha
ketones)

1 1 [ alpha-ketoacids:
[ 2-oxoisocaproate
[ 2-oxo-3-methylvalerate
[ 2-oxoisovalerate
[ 2-OH-isovalerate
[ 2-OH-isocaproate
[ 2-OH-3-methylvalerate

N/A Branched-chain
amino acids:
Isoleucine
Valine
Leucine

Urine, sweat, and earwax
have maple syrup odor;
a common spice,
fenugreek, can cause a
similar odor in urine

IVA 111 11 1 [ isovalerylglycine
[ 3-OH-isovaleric

Y free or total
[ isovalerylcarnitine

Leucine Odor of sweaty socks

3-MCG 111 � � [ 3-OH-isovaleric
[ 3-methylcrotonylglycine

Y free or total
[ 3-OH-isovalerylcarnitine

Leucine Part of multiple carboxylase
deficiency; NBS suggests
that most cases are
relatively mild, raising
questions about clinical
significance of the
biochemical finding
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GA-I 111 1 1 [ glutaric acid
[ 3-OH-glutaric acid

Y free or total
[ glutarylcarnitine

Tryptophan
Lysine
Hydroxylysine

Urinary glutarylcarnitine
may be helpful to
diagnose in low excretors
of urine glutaric acid

BTND 111 111 1 [ 3-OH-isovaleric
[ 3-OH-propionic
[ propionylglycine
[ methylcitric
[ 3-methylcrotonylglycine

Y free or total
[ 3-OH-isovalerylcarnitine
[ propionylcarnitine

Propiogenic precursors
Fatty acids
Leucine
Glucose or pyruvate

Required cofactor for
holocarboxylase
synthesis; causes multiple
carboxylase deficiency

HCSD 111 111 1 [ 3-OH-isovaleric
[ 3-OH-propionic
[ propionylglycine
[ methylcitric
[ 3-methylcrotonylglycine

Y free or total
[ 3-OH-isovalerylcarnitine
[ propionylcarnitine

See BTND Multiple carboxylase
deficiency, includes:
3-methylcrotonyl-CoA,
propionyl-CoA, pyruvate,
and acetoacetyl-CoA
carboxylases

3-HMG-CoA
lyase

� 1 1 [ 3-OH-methylglutaric
[ 3-OH-isovaleric
[ 3-methylglutaconic
[ 3-methylglutaric

[ 3-methylglutarylcarnitine N/A Also needed for ketone
synthesis

�, never; 1, occasionally; 11, most of the time; 111, always.
Abbreviations: 3-HMG-CoA lyase, 3-hydroxymethylglutaryl-CoA lyase; 3-MCG, 3-methylcrotonylglycinuria; 3-OH-, 3-hydroxy-; BTND, biotinidase deficiency;

HCSD, holocarboxylase synthetase deficiency; IVA, isovaleric acidemia; N/A, not applicable; NH41, ammonia; PA, propionic acidemia.
a During acute presentation and episodes of metabolic decompensation.
b Branched-chain ketoacid dehydrogenase deficiency.
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After establishing a diagnosis in a symptomatic individual, Fig. 3 describes a
reasonable general treatment plan. Acute treatment of organic acidemias involves
maintaining normal protein synthesis and avoiding catabolism, preventing imbalances
or deficiencies of amino acids and metabolic intermediates, restoring energy homeo-
stasis, and promoting anabolism. Treatment then shifts to long-term or chronic treat-
ment, which is usually focused on a low-protein diet supplemented with special amino
acid formulas that do not contain specific precursor amino acids. The following few
paragraphs discuss common treatment issues, with special conditions (see later dis-
cussion of the detailed discussions of specific disorders).
Feeding difficulties are relatively common in children with severe organic acide-

mias20; some may require gastrostomy or nasogastric tube feeding. Poor weight
gain is also relatively common and has been attributed to a variety of potential mech-
anisms, including inadequate dietary protein or energy intake.21

It is often the practice to provide IV L-carnitine during acute treatment and to provide
oral supplementation chronically.21,22 One hypothetical argument for this use is shown
in Fig. 4. Unfortunately, this hypothesis has not been rigorously tested. It is difficult to
rapidly achieve marked increases in cytoplasmic carnitine concentrations because of
the kinetics of the transporters involved; thus most L-carnitine delivered by IV is rapidly
filtered by the glomerulus and excreted in the urine. That said, plasma carnitine, which
reflects intracellular carnitine stores, is often low in individuals with organic acidemias
whodonot use regular carnitine supplementationwhenstable. Therefore, in the absence
of compelling data for or against acute administration, many experts choose to give it.
Doses vary but most often 50 to 100mg/kg/d divided into 2 to 4 doses is used. Although
there is no specific maximum dose, individual doses greater than 1 g are unusual.
Chronic L-carnitine supplementation is often used and is clearly effective at prevent-

ing secondary carnitine deficiency. Other potential benefits include enhanced excre-
tion of potentially toxic organic acids in the less toxic form of acylcarnitines.
Experience23,24 suggests that carnitine therapy is possibly effective and reasonably
safe, although the latter issue has been questioned by recent work suggesting the
possibility that long-term supplementation with carnitine may increase risk of coronary
artery disease later in life because of the metabolites of carnitine produced by gut
flora.25,26 Another potential benefit of carnitine supplementation is suggested by
data showing in-vitro antioxidant capacity similar to vitamin E (a-tocopherol).27 In a
survey of European metabolic treatment centers, most recommend carnitine for indi-
viduals with MMA, and presumably other organic acidemias.22

The use of HCO3
- infusion, previously discussed, is often not needed after attending

to fluid deficits and providing adequate calories. If these steps do not lead to correc-
tion of the acidosis, searches for other contributing factors, including unsuspected
infection or pancreatitis, should be considered.
MAPLE SYRUP URINE DISEASE

MSUD is caused by a deficiency of the branched-chain alpha-ketoacid dehydroge-
nase complex enzyme, the second step of branched-chain amino acid metabolism
(leucine, isoleucine, and valine). Although all 3 branched-chain amino acid concentra-
tions are found to be elevated in the blood, elevated leucine and its metabolite 2-ketoi-
socaproic acid are thought to be the most toxic.28

Clinical Manifestations

MSUD has both severe and milder presentations depending on the residual enzyme
activity. Classic MSUD (75% of cases) usually presents within the first weeks after
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B

Fig. 4. The use of carnitine is primarily aimed at optimizing free CoA pools in the mitochon-
dria by delivering high concentrations of carnitine that will drive the exchange of free carni-
tine into the mitochondria in exchange for organic acid bound to carnitine coming out. (A)
The usual physiologic role for the carnitine pathway involves formation of acylcarnitine
(with a long-chain fat as the acylcarnitine group) by carnitine palmitoyltransferase (CPT) I,
which is transported into the mitochondria in exchange for a free carnitine coming out via
the carnitine acylcarnitine translocase (CACT). Inside the mitochondrion CPT II reverses the
reaction and reforms the long-chain fatty acyl-CoA that then enters the beta-oxidation
pathway. (B) CoA cannot cross themitochondrial membrane, and it cannot be rapidly gener-
ated inside the mitochondria in response to sequestration by an accumulating organic acid-
CoA (CoA-OA) due to ametabolic block. Because CoA is an essential cofactor for a large num-
ber of mitochondrial reactions, the accumulation of a specific acid bound to CoA that cannot
be furthered metabolized leads to acute free CoA deficiency and, ultimately, mitochondrial
energy failure. The 3 enzyme process (CPT I, CACT, CPT II) is reversible, thus an excess of free
carnitine in the cytoplasm should drive the removal of the excessive organic acid, in the form
of acylcarnitines (Carn-OA), from the mitochondria, thus freeing up CoA.

Inborn Errors of Metabolism with Acidosis 11
birth with maple syrup odor, feeding problems, lethargy, and acute metabolic
acidosis. Without treatment, MSUD progresses to coma with involuntary movements
and central respiratory failure.29 In older individuals, acute increases in plasma leucine
lead to intoxication symptoms, including ataxia, slurred speech, lethargy, vomiting,
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and progressive alteration in mental status. If untreated, cerebral edema and death
follow.
With careful management, affected individuals can have normal psychomotor and

neurologic development. Early diagnosis by NBS has decreased the number
of days with toxic leucine levels and improved neurologic outcomes in these
individuals.29

Treatment

As in Fig. 3, with the following exceptions, reintroduce isoleucine and valine supple-
mentation when blood levels decrease below 400 to 600 mmol/L to maximize the
rate of reduction of plasma leucine concentrations. Remember that the only mecha-
nism for reducing high plasma amino acid values is to increase incorporation into pro-
tein, and isoleucine and valine are critical to achieve this goal. Dietary management
guidelines have been published.10

PROPIONIC ACIDEMIA AND METHYLMALONIC ACIDEMIA

Both propionic acidemia (PA) and MMA are defects in the propionate catabolism
pathway involving isoleucine, valine, threonine, and methionine, as well as odd-
chain fatty acids, cholesterol, and propionic acid produced by gut bacteria.
Excess propionyl-CoA is used for fatty acid synthesis in these individuals, so that as

much one-third of their adipose tissue may be composed of odd-chain length fats.30

Therefore, suppression of lipolysis of endogenous fat during acute illness is particu-
larly important to prevent release of propionic acid during oxidation of these odd-
chain length fats (beta-oxidation ends with the 3-carbon propionyl-CoA instead of
the 2-carbon acetyl-CoA).
PA is caused by a deficiency of propionyl-CoA carboxylase (PCC), a biotin-

dependent enzyme composed of PCCA and PCCB subunits; mutations in either
gene (PCCA or PCCB) can cause PA.31

Vitamin B12 is a cofactor for the methylmalonyl-CoA mutase. The MMAs are a
genetically heterogeneous group of disorders of methylmalonate or cobalamin
(vitamin B12) metabolism leading to deficient activity of methylmalonyl-CoA mutase.
Mutations inMUT (the gene coding the methylmalonyl-CoA mutase) causing no resid-
ual mutase enzyme activity (MUT0) are associated with a more severe phenotype than
in individuals with MUT mutations causing some residual enzyme activity (MUT�) or
cobalamin defects.

Clinical Manifestations

These conditions classically present within the first few days of life with hypotonia,
poor feeding, vomiting, metabolic acidosis, and hyperammonemia. Children become
progressively encephalopathic and without treatment ultimately progress to coma and
death. Individuals with milder variants can present at any age with a more variable
clinical picture.
Neurologic symptoms can include hypotonia, developmental delay, progressive

psychomotor delay, seizures, and movement disorders. Neurologic complications
can present as an acute or progressive extrapyramidal syndrome associated with
changes in the basal ganglia. Stroke-like episodes may occur at any age and are
more frequent in MMA.31 Hematologic findings include neutropenia, thrombocyto-
penia, and pancytopenia. In the acute setting, these can be confused with sepsis.
Cardiomyopathy (acute or chronic) is a major complication in PA (less commonly in

MMA) and can be responsible for rapid deterioration. Both dilated and hypertrophic
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cardiomyopathies have been reported and can occur in metabolically stable individ-
uals. Individuals with PA can also develop life-threatening cardiac arrhythmias, specif-
ically, long QT interval. Cardiac manifestations can occur with or without carnitine
deficiency.32

Chronic kidney disease is a common and severe long-term complication of MMA33

but not PA, eventually requiring hemodialysis or kidney transplant. Optic neuropathy
has also been increasingly recognized as a complication.34

Early detection (NBS) and treatment of MMA and PA, has significantly improved
long-term survival. Unfortunately, recent work has shown that, despite early diagnosis
and treatment, these conditions continue to be associated with long-term intellectual
disability.9 In both MMA and PA, movement disorders are frequent and metabolic
stroke-like events can occur during, or just after, metabolic decompensation (even
in individuals stable before the crisis).31

Treatment

The mainstay of long-term management in PA and MMA is dietary therapy. This in-
cludes a low-protein diet, limiting the propionic acid precursor amino acids while
ensuring essential requirements are met. Natural protein tolerance should be individ-
ualized. In addition, diets are usually supplemented with additional precursor-free for-
mula (amino acids) to supplement natural protein intake to achieve the recommended
protein requirements.
Intermittent courses of antibiotics (metronidazole or neomycin) reduce the produc-

tion of propionyl-CoA from anaerobic bacterial fermentation of carbohydrates in the
gut.31

Vitamin B12 responsiveness should be assessed in every individual with MMA.
Hydroxocobalamin can be compounded to concentrations as high as 25 mg/mL for
subcutaneous injection and daily doses titrated to effect.35

Liver transplantation can be considered in children with frequent metabolic decom-
pensation poorly controlled with dietary and pharmacologic treatment. Several reports
of successful liver transplants suggest a decrease in hospital admissions and
improvement in quality of life.36 Neurologic complications have still been found to
occur even after liver transplantation.37

GLUTARIC ACIDURIA TYPE I

GA-I is caused by a deficiency of glutaryl-CoA dehydrogenase in the catabolic
pathway of the amino acids tryptophan, lysine, and hydroxylysine. The clinical symp-
toms of GA-I seem to result from glutaric acid and 3-hydroxyglutaric acid accumu-
lating in the brain, causing neurotoxicity.38

Clinical Manifestations

About half of affected individuals initially present with nonspecific neurologic symp-
toms, such as hypotonia and motor delays. Macrocephaly is commonly found at birth
or shortly after. Untreated, 80% to 90% of affected infants will suffer from an acute
encephalopathic crisis during the first 6 years of life (most commonly between
3 and 36 months of age). These crises result in characteristic neurologic sequelae,
specifically, bilateral striatal injury and subsequent development of a dystonic move-
ment disorder. Crises are often triggered by infections, fever, or surgical intervention.
There have also been reports of individuals experiencing striatal injury in the absence
of a specific encephalopathic crisis. Early clinical diagnosis is difficult because there
are no characteristic or pathognomonic clinical signs or symptoms that occur before
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encephalopathic crisis. Fortunately, GA-I is now included in NBS making early, pre-
symptomatic diagnosis possible.39

A subgroup of affected infants has only minimally elevated urinary glutarate
excretion. They have a similar clinical course and are at high risk for neurologic com-
plications.4 It seems that urine glutarylcarnitine measured by liquid chromatography-
mass spectroscopy (LC-MS) is more sensitive than urine glutaric acid in identifying
these children.40

It is important for pediatricians to note that children with GA-I are at increased risk
for subdural hematomas (SDHs), even in the absence of significant trauma. This is due
to abnormal brain growth resulting in widening of the subarachnoid space, leading to
increased tension on bridging veins, making them more susceptible to rupture even
with minor trauma.39 SDH is estimated to occur in up to 20% to 30% of children
with GA-I.41 This has led to concern that children with isolated SDH being investigated
for nonaccidental injury may actually have GA-I. SDH in GA-I always occurs in combi-
nation with other characteristic neuroradiologic abnormalities, including enlargement
of the frontoparietotemporal space, or insular region, around the brain; therefore, iso-
lated SDH without other abnormalities is not suggestive of GA-I.41 GA-I can be readily
ruled out by the combination of normal plasma and urine acylcarnitine profiles, urine
organic acid analysis, and other brain MRI findings, with DNA testing rarely needed.
Of infants identified with GA-I by NBS and starting treatment before neurologic

injury, 80% to 90% remain asymptomatic.39,42 Unfortunately, NBS may not reliably
identify all children with GA-I (especially low excretors).4,39 After diagnosis by NBS, in-
dividuals generally have average intelligence and normal executive function, attention,
gross motor skills, and visual memory, although, fine motor skills and speech may be
impaired, despite early and appropriate treatment.38 Outcomes are poor when diag-
nosis is made after irreversible neurologic injury has occurred, although treatment
may help prevent further neurologic deterioration.

Treatment

Chronic management of GA-I includes a low-lysine diet, carnitine supplementation,
and aggressive treatment during episodes of intercurrent illness. Treating with supra-
physiologic doses of arginine has also been proposed.43 Because arginine competes
with lysine for uptake via a specific transporter at the blood–brain barrier, arginine sup-
plementation may decrease cerebral concentrations of the neurotoxic metabolites,
although more clinical evidence to support high-dose arginine supplementation is
needed.39

L-Carnitine is often used. Anecdotal reports suggest biochemical improvement
following riboflavin supplementation, although there is no standardized protocol for
assessing riboflavin responsiveness and no clear objective evidence that riboflavin im-
proves clinical outcomes.
MULTIPLE CARBOXYLASE DEFICIENCY (BIOTINIDASE DEFICIENCY AND
HOLOCARBOXYLASE SYNTHETASE DEFICIENCY)

Biotin is a cofactor for 4 important carboxylases in different metabolic pathways.
Biotinidase is responsible for biotin regeneration and liberating protein-bound biotin.
Holocarboxylase synthase binds biotin to form the active carboxylases. Defects in
either of these enzymes results in characteristic biochemical patterns because of de-
ficiencies of PC (involved in gluconeogenesis), PCC (involved in branched-chain
amino acid metabolism), 3-methylcrotonyl-CoA carboxylase (involved in leucine meta-
bolism), and acetyl-CoA carboxylase (involved in fatty acid synthesis).
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Clinical Manifestations

The clinical findings of biotinidase deficiency (BTND) and holocarboxylase synthetase
deficiency are similar but are readily distinguished by enzyme testing (widely available
for biotinidase) or DNA sequencing.
The typical presentation with holocarboxylase synthetase deficiency is in early in-

fancy with emesis, lethargy, hypotonia, seizures, metabolic acidosis, skin rash, and al-
opecia. In untreated individuals, sensorineural hearing loss and vision loss have also
been described.44 BTND typically presents with these symptoms; however, children
are usually older with symptoms appearing after the age of 3 months.45 There are ex-
ceptions for both disorders.
Prognosis for these conditions is directly related to timing of initiation of treatment.

Individuals diagnosed by NBS (or before the development of symptoms) seem to have
normal development with no neurologic sequelae. Individuals symptomatic before
biotin therapy may have residual neurologic problems. Although seizures, skin, and
biochemical abnormalities resolve with biotin treatment, developmental delay, optic
nerve atrophy, and hearing loss are usually irreversible.45

Treatment

It is critical that biotin supplementation be started immediately when these conditions
are suspected, before confirmatory testing is back. Treatment is life-long oral biotin
supplementation at a dose of 5 to 10 mg per day. Suspensions of the medicine are
not recommended because of loss of activity and difficulty maintaining sterility. Cap-
sules can be opened or tablets crushed to deliver the dose with food or drink if the
child is too young to swallow the dosage intact.
Protein-restricted diets are not necessary in these conditions. However, raw eggs

should be avoided because they contain avidin, an egg-white protein that binds biotin,
decreasing the vitamin’s availability. Cooking inactivates avidin in eggs, rendering it
incapable of binding biotin.45

DEFECTS OF PYRUVATE METABOLISM

Persistent lactic acidosis without marked abnormalities in other organic acids points
the clinician toward primary defects of pyruvate metabolism. Pyruvate is an interme-
diary in the metabolism of glucose, with the pyruvate dehydrogenase complex (PDC)
being required for the complete oxidation of glucose, and pyruvate carboxylase (PC)
as the first committed step in gluconeogenesis from amino acid carbon backbones via
the tricarboxylic acid cycle. This presents an interesting clinical dichotomy in which IV
dextrose therapy is a required in the treatment of gluconeogenic defects causing lactic
acidosis (PC and phosphoenolpyruvate carboxykinase [PEPCK] deficiencies) but is
contraindicated in PDC deficiency. A diagnostic approach is shown in Fig. 2. PC
and cytosolic PEPCK deficiencies can present with acidosis but more typically present
with hypoglycemia. (See discussion of these deficiencies in David A. Weinstein and
colleagues’ article, “Inborn Errors of Metabolism with Hypoglycemia: Glycogen
Storage Diseases and Inherited Disorders of Gluconeogenesis,” in this issue.)
Pyruvate and lactate are interconverted in the cytoplasm depending on the relative

concentrations of oxidized and reduced nicotinamide adenine dinucleotide (NAD1

and NADH, respectively) to drive the lactate dehydrogenase (LDH) reaction (lactic
acid1NAD14 pyruvic acid1NADH). Defects of themitochondrial electron transport
chain lead to accumulation of NADH in the cytoplasm and push the LDH reaction to-
ward accumulation of lactate more than pyruvate. Thus, a normal ratio of lactate to py-
ruvate (<20) in the setting of increased lactate suggests that lactic acidosis is likely due
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to a primary defect of pyruvate metabolism. A lactate-to-pyruvate ratio greater than 20
suggests a primary defect of the mitochondrial electron transport chain or tissue hypo-
perfusion or hypoxia. (See discussion in Thatjana Gardeitchik and colleagues’ article,
“Complex Phenotypes in Inborn Errors of Metabolism: Overlapping Presentations in
Congenital Disorders of Glycosylation and Mitochondrial Disorders,” in this issue.)
High suspicion of a primary defect in pyruvate metabolism can be reached in the

acute presentation when the increase in the anion gap can be entirely explained by
the concentration of lactate in the blood (eg, an anion gap of 19, which is 4–6 points
higher than normal, is entirely explained by a lactate of 6 mmol/L). In the acute setting,
it is often not clear whether the lactate increase is secondary to an organic acidemia, in
which high concentrations of dextrose are indicated, or a defect in PDC, in which
dextrose may make things worse. In practice, if in doubt, it is prudent to start IV
dextrose at the higher rate and remeasure lactate in 2 hours. If the repeat lactate is
significantly increased and the clinical findings suggest possible PDC deficiency or
a defect in the electron transport chain, reducing IV dextrose and consideration of
adding other sources of energy, such as IV lipids, is indicated.

PYRUVATE DEHYDROGENASE COMPLEX DEFICIENCY

PDC, located in the mitochondrial matrix, converts pyruvate formed by the break-
down of glucose to CO2 and acetyl-CoA, which can be further metabolized in the
tricarboxylic acid cycle. The complex contains 6 proteins (3 catalytic, 2 regulatory,
and a binding protein) and 3 cofactors (thiamine pyrophosphate, lipoic acid, and
flavin adenine dinucleotide). Defects in any of these, as well as a variety of other
interacting and regulatory factors, can lead to PDC insufficiency. The most common,
however, is a defect in the X-linked PDHA1 gene that codes for a critical catalytic
enzyme.46,47

Clinical Manifestations

PDC deficiency presents with a range of neurologic symptoms and varying degrees
of lactic acidosis.46,48–50 Neonatal forms often include profound lactic acidosis,
coma, and neonatal death. Older infants and toddlers may present with develop-
mental delay, encephalopathy, hypotonia, and/or seizures. These children may
have abnormalities on brain imaging, including agenesis or dysgenesis of the corpus
callosum, ventriculomegaly, gray matter heterotopia or cystic changes, and Leigh
syndrome. Older children may present with ataxia or neuropathy mimicking
Guillain-Barre syndrome. Mortality is high and survivors often have varying degrees
of intellectual disability.46,47

Treatment

There is no proven effective treatment of PDC deficiency. Use of a ketogenic diet that
results in generation of acetyl-CoA from ketone bodies rather than from glucose to
bypass the metabolic block has been reported to provide some benefit,51 although
concerns have been raised about long-term use.52 A recent report suggests reason-
able long-term efficacy and safety.53 The ketogenic diet should only be used when the
cause of the PDC deficiency is known because it can be dangerous in some second-
ary causes of PDC inhibition, PC, or PEPCK deficiencies, or mitochondrial respiratory
chain defects. Dichloroacetate and phenylbutyrate54 both inhibit pyruvate dehydroge-
nase kinase, thus activating the PDC,55 and may have potential as therapy.54,56 Some
affected individuals may be responsive to thiamine, which is incorporated into the
cofactor thiamine pyrophosphate.
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DEFECTS OF KETONE METABOLISM

The formation of the ketone bodies (acetoacetate and 3-hydroxybutyrate) is an
endpoint of fatty acid oxidation because these substrates can be used for energy in tis-
sues, particularly the brain, that do not use fatty acid oxidation. Fig. 5 shows the pro-
cess of ketone synthesis in the hepatocytes and utilization in brain and other tissues.
KETONE UTILIZATION DEFECTS

A rare, and often difficult to diagnose, group of disorders that present with recurrent
episodes of ketoacidosis with either low or normal serum glucose are defects of utiliz-
ing ketones (an excellent review is available57). Episodes are usually related to inter-
current viral illnesses and typically present with vomiting. Often, even modest
dextrose infusions given as maintenance fluid can lead to slow resolution of the illness,
which is often ascribed to dehydration. This can occur multiple times until recognition
of excessive ketosis out of proportion to the fasting. Occasionally, the presentation
with ketoacidosis is quite severe.
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Fig. 5. Ketone body synthesis and utilization. In the hepatocyte ketone synthesis begins
with condensation of 2 acetyl-CoA (AcCoA) molecules by (1) mitochondrial acetoacetyl-
CoA thiolase (T2) or uses acetoacetyl-CoA (AcAcCoA) from the last steps of fat oxidation
or oxidation of isoleucine. An AcAcCoA molecule is combined with a molecule of AcCoA
by (2) 3-hydroxy-3-methylglutaryl-CoA (3-HMG) synthase. This redundant approach is neces-
sary because the enzyme that directly releases CoA from AcAcCoA (see 5) is not expressed in
the liver (thus, hepatocytes can make ketones but cannot use them). The 3-HMG produced is
then used by (3) 3-HMG-CoA lyase, to release acetoacetate (AcAc) and AcCoA. Defects in all
3 enzymes are described (Fukao and colleagues61) associated with hypoketotic hypoglyce-
mia. The ketone bodies, AcAc and its redox partner, 3-hydroxybutyrate (3-OHB), are kept
in equilibrium based on the ratio of NAD to NADH in the mitochondrion using the enzyme
(4) 3-OHB dehydrogenase. Ketone bodies leave the cell by diffusion and circulate to nonhe-
patic tissues via the bloodstream. They are taken up by the monocarboxylate transporter
(MCT) on the membrane of ketone-utilizing cells, especially the brain. After diffusion into
the mitochondrion, AcAcCoA is reformed from AcAc by (5) succinyl-CoA:3-ketoacid CoA
transferase (SCOT), and 2 molecules of AcCoA are released by the mitochondrial
acetoacetyl-CoA thiolase (T2). TCA, tricarboxylic acid.
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There are 2 classic defects: succinyl-CoA:3-ketoacid CoA transferase (SCOT) defi-
ciency and the mitochondrial acetoacetyl-CoA thiolase (T2) deficiency (the gene is
ACAT1 and the enzyme is confusingly also referred to as 2-methylacetoacetyl-CoA thi-
olase, and commonly known as beta-ketothiolase). Recently, a third defect, the mono-
carboxylate transporter (MCT) deficiency, responsible for cellular uptake of circulating
ketone bodies, has been identified in several individuals with recurrent ketoacidosis.58

Clinical Manifestations

The clinical presentation of each of these is similar with ketosis out of proportion to
fasting during periods of illness, often magnified by fever or vomiting. Symptoms
include vomiting and lethargy, sometimes exacerbated by hypoglycemia because
the gluconeogenic pathway is either overstretched by increased brain demand due
to inability to use ketones or by relative sequestration of mitochondrial CoA pools
by the accumulating ketones. The ketone bodies themselves are weak acids; there-
fore, as they accumulate in the circulation, acidosis becomes apparent.
Diagnosis requires the clinician to maintain a high level of clinical suspicion when

evaluating a child with prominent acidosis and symptoms out of proportion to the de-
gree of dehydration in the setting of gastroenteritis or intercurrent illness. SCOT defi-
ciency may be associated with persistent mild ketosis, even when well, but this is not
universal, thus the absence of persistent ketosis does not rule out SCOT deficiency.59

T2 deficiency does not typically have ketosis between exacerbations because the
overlapping activity of the medium-chain CoA T2 that is part of the fatty acid oxidation
pathway can metabolize modest amounts of acetoacetyl-CoA; however, it is not
capable of handling the high demand during stress. On the other hand, in the isoleu-
cine degradation pathway, T2 is needed to metabolize the 2-methyl-3-hydroxybutyryl-
CoA (2MHB) intermediate, thus 2MHB and an unusual metabolite, tiglylglycine, are
usually present in the urine. Carnitine esters of these acids may be found in plasma,
even between acute episodes. This condition can be but is not always identified by
NBS.60 Importantly, laboratories using tandem mass spectroscopy (including NBS
laboratory tests) to evaluate acylcarnitines cannot distinguish 2MHB-carnitine and
tiglylcarnitine from other 5 carbon isomers, thus liquid chromatography-mass spec-
trometry is required. Gas chromatography-mass spectrometry used for urine organic
acid analysis is able to distinguish the compounds.
The MCT does not have a unique profile of metabolites, either during acute decom-

pensation nor when well.58 Thus, for all of the defects of ketolysis, enzymatic or mo-
lecular diagnosis is required. Molecular diagnosis (DNA) can never rule out a disease
because of the uncertainty of whether the disease-causing variant was detected in the
assay chosen. Unfortunately, there are few remaining clinical laboratories offering
testing for SCOT and T2 enzymatic activities, and none, to the authors’ knowledge,
measuring MCT activity. This creates a growing diagnostic challenge for clinicians,
which is likely to become more critical in the future.

Treatment

The outcome of each of these defects of ketone utilization can be good if they are
promptly identified and if severe and prolonged episodes of acidosis are avoided by
routine admission for therapy with fluids and IV dextrose during intercurrent illnesses
or periods of required fasting (eg, perioperatively). Generally, no treatment is required
between episodes, except to avoid prolonged fasts beyond the time that glycogen
stores can be relied on to maintain blood glucose as the primary source of energy
for brain and kidney. If plasma carnitine deficiency develops in T2 deficiency, supple-
mental L-carnitine may be useful.
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SUMMARY

1. Early identification and treatment can prevent irreversible neurologic damage in
IEM.

2. A normal NBS does not rule out an IEM.
3. Any neonate or child presenting with a metabolic acidosis should prompt the

following work-up:
� Blood gas and finger stick blood sugar
� Chemistry to calculate anion gap
� Lactate level
� Ammonia level
� Ketone measurement in blood or urine.

4. Acute treatment includes
� Treating the precipitating illness (eg, infection)
� Reversing catabolism (high dextrose IV fluids and IV lipids)
� Enhancing renal clearance of the accumulating compounds (carnitine
administration)

� Ensuring a high-energy intake as a calculated glucose infusion rate.
5. Collect and freeze extra plasma, serum, and urine samples during the acute pre-

sentation for future, more specific biochemical testing. These samples are
precious.

6. Do not hesitate to call the nearest metabolic center for help.
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