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All of life is a balance of anabolism and catabolism. 
The tremendous challenges to tissue repair and 
reconstruction as well as the metabolic and hor-

monal stress of surgery compound these natural life tasks. 
The key to converting foods and their basic components—
carbohydrates, proteins, and fats—into energy lies in inter-
mediary metabolism.

Inborn errors of metabolism (IEM) encompass a het-
erogeneous group of rare diseases that impair the body’s 
ability to turn food into energy and include defects in cel-
lular housekeeping proteins that cause accumulation of 
substrates.1 For anesthesiologists, the various disorders are 
especially challenging because of their low prevalence. This 
low likelihood of encountering a significant number of such 
patients in a lifetime of practice makes a targeted, broadly 
conceptual approach crucial. Although we tried to include 
and condense as much information as possible, this text 
neither covers every IEM nor includes every case report or 
series that has been published.

THE 30,000 FOOT VIEW
The energy economy in humans centers around adenosine 
triphosphate (ATP), which is generated from catabolism of 
carbohydrates, proteins, and fats via intermediary metab-
olism and during oxidative phosphorylation. Although 
catabolism of lipids, amino acids, and carbohydrates can all 
provide energy, carbohydrates in the form of glucose play a 
major role (Figure).

Glycolysis
Glycolysis describes the process of glucose conversion to 
pyruvate. ATP and NADH/H are generated during this 
process. The final product, pyruvate, is introduced into the 
citric acid cycle after oxidative decarboxylation to acetyl-
CoA. This process requires oxygen, and a limiting step in an 
anaerobic environment is the inability to oxidize NADH/H 
back to NAD+. This leads to NADH/H accumulation; the 
only way to sustain glycolysis is to convert pyruvate to lac-
tate. The latter may accumulate and result in lactic acidosis.

Amino Acid Metabolism and the Urea Cycle
Amino acids can be acquired by food intake in the form of 
proteins or synthesized de novo by the body. The excep-
tions are essential amino acids, which must be acquired by 
food intake. Some amino acids undergo transamination to 
molecules that can enter the citric acid cycle (eg, alanine to 
pyruvate). To obtain the amino acid carbon skeleton, the 
body needs to eliminate the amino nitrogen through con-
version to urea via the urea cycle and excretion of urea by 
the kidneys.

Fatty Acid Metabolism
The body acquires fatty acids via food intake in the form 
of dietary lipids. In the catabolic state, fatty acids enter 
the mitochondrial matrix and undergo β-oxidation to 
acetyl-CoA, which is introduced into the citric acid cycle. 
During prolonged fasting, the acetyl-CoA obtained from 
β-oxidation can be used to generate ketone bodies. Certain 
tissues such as the brain are able to metabolize ketone bod-
ies and generate energy. During an anabolic state, fatty 
acids are esterified with glycerol to form triacylglycerols 
that can be biotransformed into fatty tissue, whereas acetyl-
CoA functions as a precursor for cholesterol synthesis.

Metabolism of Very Long Chain Fatty Acids in 
Peroxisomes
Very long chain fatty acids cannot be metabolized by 
mitochondrial β-oxidation. Peroxisomes, small organ-
elles located in almost all eukaryotic cells, are equipped 
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with enzymes to handle those long molecules. In mito-
chondrial β-oxidation, the release of 1 molecule of ace-
tyl-CoA from a fatty acid yields FADH2 and NADH/H, 
whereas paroxysmal β-oxidation transfers the electrons 
to oxygen, creating hydrogen peroxide (H2O2), which 
needs to be metabolized by catalases to avoid cell 
damage.

Metabolism of Glycosaminoglycans and 
Sphingolipids in Lysosomes
Although the metabolic pathway is very complex and 
beyond the scope of this review, the general principle is 
that multiple lysosomal enzymes are involved in stepwise 
degradation of glycosaminoglycans (GAGs) and sphingo-
lipids. Malfunction of an enzyme results in accumulation of 
a precursor—a lysosomal storage disease.

GAGs, also called mucopolysaccharides, are long, com-
plex carbohydrate molecules, important for their high 
polarity, which attracts water and provides lubrication and 
cushioning. If a GAG is attached to a protein, the name pro-
teoglycan is applied. Sphingolipids play an important role 
in the composition of cell membranes, specifically in neural 
tissue. They are also involved in signal transduction and are 
components of surfactant.

Citric Acid Cycle
The citric acid cycle occurs in the mitochondrial matrix and 
is the final common pathway for energy generation from 
carbohydrates, lipids, and proteins. All of these yield acetyl-
CoA or an intermediate product of the citric acid cycle. The 
citric acid cycle itself is a series of steps that involve oxi-
dation of molecules yielding NADH/H that are later used 
during oxidative phosphorylation to generate ATP. “Cycle” 
is apt, because the citrate generated from oxaloacetate and 
acetyl-CoA is subjected to multiple steps that ultimately 
yield another molecule of oxaloacetate, which repeats the 
cycle by combining with acetyl-CoA. The overall yield of 1 
cycle (1 molecule of acetyl-CoA) is 1 guanosine triphosphate 
or ATP, 3 NADH, 1 reduced coenzyme Q, and 2 CO2. Lipid 
metabolism is related to the citric acid cycle via β-oxidation 
in the mitochondria, when fatty acids are converted to ace-
tyl-CoA. Amino acids undergo transamination to pyruvate, 
fumarate, succinyl-CoA, or α-ketoglutarate.

Oxidative Phosphorylation
Metabolism of carbohydrates, lipids, and protein gener-
ates “reducing equivalents” such as NADH/H, which are 
used by mitochondria to create a proton gradient from the 
mitochondrial matrix to the intermembranous space. The 

Figure. Overview of important biochemical pathways including the intermediary metabolism. Note the different pathways of how major energy 
carriers (protein, carbohydrates, lipids) are introduced into the citric acid cycle. Not shown in the figure is the final step of energy production: 
oxidative phosphorylation.
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proton gradient ultimately fuels a proton flow through 
respiratory chain complexes (complex I, II, III, IV) and a 
membrane-bound ATPase (complex V) back into the mito-
chondrial matrix, creating ATP in a process called oxidative 
phosphorylation.

GENERAL APPROACH TO INBORN ERRORS OF 
METABOLISM
In testimony to their rarity, few studies have reported the 
prevalence of IEM. Each category has a prevalence of less 
than 1:10,000, but in the aggregate, they are more common, 
perhaps on the order of 10 to 25:10,000.

Acute presentations of patients with IEM can include 
vomiting and anorexia or failure to feed, lethargy that can 
progress to coma, seizures (particularly intractable sei-
zures), rapid, deep breathing that can progress to apnea, 
and hypothermia. In 1 review of 53 patients with acute 
decompensation resulting from an IEM, 85% had neurologic 
(hypotonia, lethargy, coma, seizures, psychomotor delay), 
58% had gastrointestinal (vomiting, hepatic dysfunction), 
and 51% had both neurologic and gastrointestinal signs 
and/or symptoms.2

ANESTHETIC IMPLICATIONS OF SPECIFIC INBORN 
ERRORS OF METABOLISM
Lysosomal Storage Diseases
Lysosomal storage diseases are probably the most specifi-
cally challenging subgroup of IEM for perioperative man-
agement because of their multiorgan system deposits of 
GAGs and sphingolipids (Table 1A).

The mucopolysaccharidoses (MPSs) are characterized 
by enzyme deficiencies in lysosomal hydrolases. Eleven 
enzyme deficiencies have been identified, giving rise to 7 
distinct forms.3 The deficient enzymes lead to the inability 
to metabolize specific GAGs (dermatan sulfate, heparan 
sulfate, keratin sulfate, chondroitin sulfate, hyaluronic acid) 
that accumulate in multiple organ systems.

Airway management is the most immediate and life-
threatening problem. GAG deposits may lead to macro-
glossia, adenotonsillar hypertrophy, upper/lower airway 
narrowing, and soft tissue thickening with a reduction in 
neck range of motion and mouth opening.4 Walker et al5 
reported an overall incidence of difficult intubation of 25% 
and failed intubation of 8%. Frawley et al6 encountered a 
difficult intubation in 86.7% of MPS VI, 35% of MPS II, 12% 
of MPS I, and 0% of MPS III and IV patients. The apparently 
lower incidence of difficult airway management in patients 
with MPSIII was also reported by Cingi et al.7 In all cases, 
bag-mask ventilation was “easy” and endotracheal intuba-
tion was successful with Cormack and Lehane grades of 1 
or 2. For 68 of the 94 anesthetics, the attending anesthesiolo-
gist electively chose a videolaryngoscope. Before the intro-
duction of videolaryngoscopy, Belani et al8 reported that the 
vocal cords were only visible during 35% of direct laryn-
goscopies in patients with MPSI. Furthermore, they dem-
onstrated that direct laryngoscopy became progressively 
more difficult as the child aged. In general, the availability 
of videolaryngoscopes and supraglottic airway devices has 
significantly improved airway management for patients 
with MPS.9,10 In addition, a significant number of patients 

will undergo cervical spine fusion surgery, further restrict-
ing the already limited range of motion of the cervical spine 
and increasing the likelihood for a difficult airway.9 Patients 
can also have odontoid hypoplasia and atlantoaxial instabil-
ity8,11; meticulous attention needs to be paid to neutral head 
positioning to avoid cervical cord compression.12 This is 
especially true for patients with MPSIV (Morquio), the most 
susceptible MPS subgroup.

GAG deposits in the heart can cause conduction abnor-
malities, cardiomyopathy, valvular disease, and coronary 
artery narrowing. In the advanced state, patients can pres-
ent in heart failure or with significant pulmonary hyper-
tension.4 In patients with MPSI (Hurler), any baseline and 
intraoperative electrocardiographic changes should prompt 
further investigation and intervention because coronary 
artery involvement can be quite significant. S-T segment 
elevations, infrequently encountered in young patients, 
likely herald serious disease.

Treatment approaches for MPSs include enzyme 
replacement therapy and hematopoietic stem cell trans-
plantation, whereas gene therapy and substrate reduction 
therapy are currently being studied for future application.13 
Hematopoietic stem cell transplantation seems to halt the 
progressive increase in GAG infiltration of the airway that 
patients with MPSI experience with aging, whereas enzyme 
replacement therapy does not.6,14

Spingolipidoses are similar to MPSs except the enzyme 
deficiencies affect metabolism of sphingolipids, which are 
predominantly found in the central nervous system (CNS). 
CNS deposits can affect neurons as well as motor and sen-
sory tracts, resulting in developmental delay, hypotonia, 
dystonia, ataxia, oropharyngeal dyscoordination, dyspha-
gia, and, therefore, an increased aspiration risk. Patients can 
become spastic and immobilized. Impairment of neuronal 
and glial function predisposes the patient to seizures. Most 
patients will require medical treatment with 1 or more anti-
convulsants. Sphingolipid accumulation in the airway can 
also cause difficult mask ventilation and/or intubation.15 
Accumulation of sphingolipid in bone marrow can cause 
pancytopenia, whereas involvement of the spleen may lead 
to splenomegaly, hypersplenism, and thrombocytopenia. A 
restrictive lung disease pattern can arise from pulmonary 
deposits. Hepatomegaly from infiltration may cause hepatic 
enzyme elevation, ascites, and impaired function with alter-
ations in drug metabolism.16,17

Mitochondrial Disorders
Mitochondrial diseases are a heterogeneous group of disor-
ders characterized by dysfunction in the mitochondrial respi-
ratory chain. There is a mutation in either mitochondrial or 
nuclear DNA that disrupts respiratory chain complexes (elec-
tron transfer), pyruvate metabolism, carnitine metabolism, 
fatty acid oxidation (β-oxidation), and ketogenesis. Most 
diseases in this group present with multisystem involvement 
(predominantly in skeletal muscle and CNS) and varying 
levels of disease severity. Taking care of these children is chal-
lenging because of this range of clinical severity. Neurologic 
involvement can include seizures, myoclonus, ataxia, dysto-
nia, stroke-like episodes, developmental delay, and periph-
eral neuropathy. Muscle involvement can include striated, 
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smooth, and cardiac muscle leading to immobility, respira-
tory insufficiency/failure, dysphagia, aspiration, and cardio-
myopathy. The cardiac conduction system can be affected 
resulting in conduction defects and arrhythmias. Endocrine 
manifestations include exocrine pancreatic deficiency, diabe-
tes mellitus, and growth hormone deficiency. Sensory organ 
involvement can lead to eye (cataracts, ophthalmoplegia, 
optic atrophy, pigmentary retinopathy) and ear (sensorineu-
ral hearing loss) problems. The bone marrow can be involved, 
causing pancytopenia and sideroblastic anemia. Tubular dys-
function in the kidney and hepatic dysfunction with possible 
coagulopathy have also been reported18 (Table 1B).

Impaired oxidative phosphorylation results in impaired 
energy production, which is aggravated by preoperative fast-
ing and surgery. This can lead to lactic acidosis, a recurring 
theme in mitochondrial disorders. The avoidance of starva-
tion (either by supplementation with glucose-containing 
fluids or preoperative admission with glucose-containing 
IV fluid) is critical for preoperative preparation.19 Electrolyte 
abnormalities such as hyponatremia and hyperkalemia have 
also been described.20 The use of muscle relaxants must pro-
ceed cautiously given the patients’ susceptibility to respi-
ratory failure and generalized muscle weakness. Stressors 
such as tourniquets, intraoperative hypo-/hyperthermia, 
and postoperative nausea/vomiting/shivering should be 
avoided.19 Although various neuromuscular diseases have 
been associated with malignant hyperthermia or rhabdomy-
olysis after anesthetic drugs often avoided for patients with 
known malignant hyperthermia,21 the association with mito-
chondrial diseases has largely been dismissed.22,23

It is increasingly well established that every currently 
used anesthetic exhibits inhibitory effects on mitochondria.24 
Propofol affects mitochondrial function via multiple path-
ways, but its use as a single-dose induction agent or as a short 
intraoperative infusion has, so far, not been associated with 
adverse outcomes.20 Many case reports highlight what has 
come to be known as propofol infusion syndrome in patients 
with mitochondrial disease. This association, however, needs 
to be put in context because all cases reported had propofol as 
a long-term sedative, mostly in the intensive care unit setting.25

Providing recommendations for the best anesthetic in 
patients diagnosed with mitochondrial disorders is a daunt-
ing task. The evolved literature is more clear than ever 
about the breadth of choices as long as the anesthesiologist 
is aware of the possible complications and uses adequate 
measures to prevent or detect and treat them (eg, judi-
cious use or avoidance of muscle relaxants in patients with 
muscle weakness, avoidance of stress response, and use of 
induction agents with minimal cardiodepressive effects in 
patients with cardiomyopathy).

An impressive spectrum of anesthetic techniques (pro-
pofol, inhaled anesthetics, ketamine, lactated Ringer’s, 
regional anesthesia) has been used in children with mito-
chondrial disorders,20,22,26–30 corroborating our incomplete 
current understanding and prognostication.

Disorders of Amino Acid Metabolism
Deficiencies in enzymes that are involved in the metabolism 
of amino acids cause accumulation of the precursor sub-
strate, resulting in soft tissue and organ system deposition.

Phenylketonuria and alkaptonuria are defects in the 
metabolism of phenylalanine. In phenylketonuria, the conver-
sion of phenylalanine to tyrosine is impaired. Accumulation 
of phenylalanine causes intellectual and developmental dis-
ability, hypertonia, and seizures. Alkaptonuria results in the 
accumulation of homogentisic acid, which is then excreted 
in the urine, causing it to turn dark when left standing. 
Alkaptonuria can lead to severe arthritis, nephrolithiasis, 
and heart valve deposits. Pandey et al31 reported a success-
ful anesthetic for hip replacement revision in a patient with 
alkaptonuria and highlighted issues with the musculoskel-
etal (careful positioning, padding, difficult regional anes-
thesia), respiratory (narrow glottic opening, limited cervical 
spine motion, and restrictive lung disease), renal (abnormal 
renal tubular function), and cardiovascular systems (valvu-
lar heart disease; Table 1C).

The impaired metabolism of methionine in homocys-
tinuria causes the urinary excretion of the accumulated 
homocystine. Associated findings include ectopia lentis, 
osteoporosis, skeletal abnormalities, developmental delay, 
hypoglycemia, vascular disease, and a prothrombotic state 
secondary to platelet dysfunction and vascular injury.32 
Automatic pneumatic compression stockings for deep vein 
thrombosis prophylaxis, adequate perioperative hydration, 
and the provision of glucose-containing fluids with fre-
quent blood glucose level checks are sensible clinical strate-
gies. The avoidance of nitrous oxide is controversial,33–35 but 
should be considered given its ability to irreversibly oxidize 
the cobalt atom of vitamin B12, which in turn inhibits the 
Cobalamin-dependent enzyme methionine synthase.36–38

Tyrosinemia is divided into 3 types: hepatorenal tyro-
sinemia (type I), oculocutaneous tyrosinemia (type II), and 
tyrosinemia (type III). Manifestations in type II tyrosinemia 
are limited to eyes, skin, and CNS (developmental delay), 
whereas type I tyrosinemia may result in a broad spectrum 
of problems including acute and chronic liver failure, hepa-
tomegaly, jaundice, ascites, hypertrophic cardiomyopathy, 
arterial hypertension, coagulation abnormalities, nephro-
megaly, nephrolithiasis, renal tubular dysfunction, periph-
eral neuropathy, muscle weakness, and seizures. Type III 
tyrosinemia is rare and the full clinical spectrum is not well 
established at this point, although neurologic impairment 
including developmental delay, ataxia, and microcephaly 
predominate.

Aromatic l-amino acid decarboxylase deficiency pres-
ents with impairment of neurotransmitter synthesis: cat-
echolamine levels such as dopamine, epinephrine, and 
norepinephrine are low; and patients can present with 
bradycardia, hypotension, and autonomic dysregulation. 
Vutskits et al.39 reported their anesthetic management of a 
child with aromatic l-amino acid decarboxylase deficiency 
and highlighted the marked autonomic and hemodynamic 
instabilities. In contrast, Berkowitz et al40 describe a com-
bined general and epidural anesthetic for a Nissen fundo-
plication and G tube placement in which no hemodynamic 
instability was noted.

Organic Acidurias
Organic acidurias, also called organic acidemias, are char-
acterized by the production and urinary excretion of 
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nonamino organic acids resulting in metabolic acidosis. 
This occurs because of deficiencies in enzymes responsible 
for the metabolism of branched-chain amino acids includ-
ing leucine, isoleucine, valine, threonine, and methionine. 
Patients can develop metabolic crises triggered by excessive 
protein intake, infections, stress, fasting, or surgery. Such 
crises can lead to massive ketosis, dehydration, nausea/
vomiting, hypoglycemia, lactic acidosis, lethargy, and coma. 
Patients may also experience seizures, developmental delay, 
hypotonia, and gastroesophageal reflux (Table 1D).

Anesthetic considerations for these patients include preven-
tion of a catabolic state by avoidance of long fasting periods, 
supplementation with glucose-containing fluids, adequate 
hydration, close monitoring of acid-base status/electrolytes, 
and avoidance of known triggers such as fasting, hypoxia, 
dehydration, and hypotension.41,42 In the past, the avoidance 
of lactated Ringer’s solution was generally recommended.41,42 
However, Ruzkova et al43 reported the use of lactated Ringer’s 
solution in patients with organic acidurias and did not find 
any evidence of complications or adverse outcomes.

Some authors advocate the avoidance of succinylcholine, 
cisatracurium, atracurium, and mivacurium in patients with 
propionic acidemia because these drugs are metabolized to 
odd-chain organic molecules. Some polyunsaturated fats 
found in soybean oil (part of the aqueous solution that 
propofol is supplied in) are metabolized to propionic acid 
and can aggravate the metabolic derangements. Ibuprofen, 
naproxen, naproxen sodium, fenoprofen, ketoprofen, flurbi-
profen, and oxaprozin are derived from propionic acid and 
should also be avoided.41,42

Methylmalonic acidemia may predispose to renal dys-
function and hyperkalemia, which, when accompanied by 
acidosis and the shifting of potassium out of and protons 
into cells, can lead to cardiac arrest. Even in the setting of 
normal renal function, persistent hyperkalemia has been 
observed in those patients.44–46 Chao et al47 describe ventric-
ular tachycardia after anesthetic induction of an infant with 
methylmalonic acidemia. The avoidance of nitrous oxide has 
been suggested because of its ability to inactivate vitamin 
B12, which serves as a cofactor for vitamin B12-dependent 
coenzymes such as methylmalonyl-coenzyme A mutase.48,49

For glutaric acidemia type I, no additional implications 
have been reported beyond those mentioned at the begin-
ning of this section. Successful sedation has been reported 
with propofol and a natural airway50; total IV anesthesia 
with propofol, remifentanil, and rocuronium51 as well as 
general anesthesia with barbiturates, sevoflurane, fentanyl, 
remifentanil, rocuronium, and cisatracurium.52,53 Glutaric 
acidemia type I has a significant overlap with mitochon-
drial diseases, because the deficient enzyme, glutaryl-CoA 
dehydrogenase, is located in the mitochondrial matrix. The 
use of propofol infusions has, therefore, been questioned 
because of the hypothetically increased susceptibility for 
development of propofol infusion syndrome.54–56 The pro-
posed mechanism is that propofol provides a large lipid 
load that overwhelms mitochondrial metabolic capabili-
ties by inhibition of oxidative phosphorylation, carnitine 
palmitoyltransferase transport of long-chain fatty acids, 
and β-oxidation of fatty acids.52 Propofol in bolus doses for 
induction of anesthesia seems to be well tolerated.

Like with glutaric acidemia type I, reports of anesthetics 
in patients with isovaleric acidemia focus on the implica-
tions stated here. Reports of successful anesthetics included 
general anesthesia with sevoflurane and nitrous oxide57 as 
well as thiopental, fentanyl, desflurane, nitrous oxide, and 
vecuronium,58 although the latter case, suction lipectomy, 
was complicated by development of ventricular tachycar-
dia shortly after injection of the tumescent solution, which 
included bupivacaine and epinephrine. Weinberg et al58,59 
hypothesized that the patient might have had a reduced 
threshold for development of malignant dysrhythmias as a 
result of isovaleric acidemia-associated carnitine deficiency.

Maple syrup urine disease is caused by an enzyme 
deficiency that impairs decarboxylation of leucine, isoleu-
cine, and valine with resultant accumulation of ketoacids. 
Symptoms include acute and chronic brain dysfunction, 
seizures, ketoacidosis, hypoglycemia, and hyperammone-
mia. Case reports describe the successful use of sevoflurane, 
nitrous oxide, propofol, fentanyl, remifentanil, atracurium, 
mivacurium, midazolam, and ketamine for anesthetic man-
agement and highlight the need for close acid-base moni-
toring, glucose supplementation, and seizure prophylaxis. 
Overhydration should be avoided owing to possible devel-
opment of cerebral edema.60–62

Disorders of the Urea Cycle
Urea cycle disorders affect the Krebs-Henseleit cycle, a 
mechanism to detoxify ammonia by converting it to urea, 
which is excreted by the kidney. Five core enzymes are 
involved in this process: carbamoyl phosphate synthetase I 
and ornithine transcarbamoylase (located in the mitochon-
drion) and argininosuccinate synthetase, argininosuccinate 
lyase, and arginase 1 (located in the cytosol).63 Urea cycle 
disorders are inherited in an autosomal-recessive fashion 
(except for the X-linked ornithine transcarbamylase defi-
ciency) and can present at any age. The classic presentation 
is sudden, life-threatening neonatal coma with hyperammo-
nemia. Hyperammonemic crises often follow a triggering 
event such as increased catabolism (fasting, surgery, gen-
eral anesthesia, starvation, prolonged exercise, infection, 
fever), protein overload (parenteral nutrition, overfeed-
ing, aspirated/swallowed blood), and specific medica-
tions (valproate, l-asparaginase/pegaspargase, topiramate, 
carbamazepine, phenobarbitone, phenytoin, primidone, 
furosemide, hydrochlorothiazide, salicylates). A high blood 
ammonia level should trigger suspicion for a urea cycle dis-
order. In contrast to organic acidurias, urea cycle disorders 
typically present without metabolic acidosis64 (Table 1E).

Anesthetic considerations are, however, similar to the ones 
presented for organic acidurias: prevention of a catabolic state 
by avoidance of long fasting periods, supplementation with 
glucose-containing fluids, adequate hydration, close monitor-
ing of acid-base status/electrolytes, and avoidance of known 
triggers. In addition to glucose-containing solutions, further 
prevention of protein catabolism can be achieved by provision 
of lipids and avoidance of large protein loads (eg, in human 
albumin solutions or swallowed/aspirated blood). Placement 
of a naso-/orogastric tube should be considered if blood is 
expected to reach the gastrointestinal tract (eg, during den-
tal work or tonsillectomies). Elective surgery patients may be 
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Table 1.  Inborn Errors of Metabolism and Their Division Into Subgroups
Table 1A
Lysosomal Storage Diseases   
Mucopolysaccharidoses Defect Prevalence
 I-H (Hurler) α-l-iduronidase 0.1–0.2:10,000
 I-S (Scheie) α-l-iduronidase 0.04:10,000
 I-HS (Hurler-Scheie) α-l-iduronidase 0.04:10,000
 MPS II (Hunter) Iduronate sulfatase 0.1:10,000
 MPS IIIA (Sanfilipo A) Heparan sulfamidase 0.09:10,000
 MPS IIIB (Sanfilipo B) N-acetylglucosaminidase 0.05:10,000
 MPS IIIC (Sanfilipo C) Heparan-α-glucosaminide N-acetyltransferase 0.007:10,000
 MPS IIID (Sanfilipo D) N-acetylglucosamine 6-sulfatase 0.009:10,000
 MPS IVA (Morquio A) Galactose-6-sulfate sulfatase 0.03–0.13:10,000
 MPS IVB (Morquio B) β-galactosidase 0.03–0.13:10,000
 MPS VI (Maroteaux-Lamy) N-acetylgalactosamine-4-sulfatase 0.04–0.02:10,000
 MPS VII (Sly) β-glucuronidase Unknown
 MPS IX (Natowicz syndrome) Hyaluronidase 1 1 case reported
Sphingolipidoses   
 Nieman-Pick disease Sphingomyelinase <0.01:10,000
 Fabry disease α-galactosidase A 1–5:10,000
 Krabbe disease Galactocerebrosidase 0.1–0.9:10,000
 Gaucher disease Glucocerebrosidase 0.1–0.9:10,000
 Tay-Sachs disease Hexosaminidase A 0.03:10,000
 Metachromatic leukodystrophy Arylsulfatase A or prosaposin 0.06–0.25:10,000 (133:10,000 Yemenite Jewish; 

4:10,000 Navajos; 1.25:10,000 Arabs in Israel)
 GM1-gangliosidosis β-Galactosidase 0.05–0.1:10,000
 Sandhoff disease/GM2-gangliosidosis Hexosaminidase A and B Rare
Table 1B
Mitochondrial Disorders Defect Prevalence
 Overall  2–2.5:10,000
 Kearns-Sayre syndrome Deletion in mitochondrial genome 0.1–0.3:10,000
 Pearson syndrome Deletion in mitochondrial genome Unknown
 Mitochondrial encephalomyelopathy, lactic 

acidosis, and stroke-like episodes (MELAS)
Mutation in mitochondrial gene for tRNA Unknown

 Myoclonic epilepsy and ragged red fiber (MERRF) 
disease

Mutation in mitochondrial gene for tRNA Unknown

 Neurodegeneration, ataxia, and retinitis 
pigmentosa (NARP)

Mutation in mitochondrial genome <0.25:10,000

 Pyruvate carboxylase deficiency Pyruvate carboxylase 0.04:10,000
 Fructose-1,6-diphosphatase deficiency Fructose-1,6-diphosphatase 0.33–0.5:10,000
 Defects of the respiratory chain Mutation in mitochondrial genome 1.3:10,000 (Australia)
Table 1C
Disorders of Amino Acid Metabolism Defect Prevalence
 Alkaptonuria Homogentisic acid oxidase 0.01–0.04:10,000 (0.5:10,000 Slovakia)
 Phenylketonuria Phenylalanine hydroxylase 1–5:10,000
 Homocystinuria Cystathionine synthase 0.1–0.9:10,000
 Oculocutaneous tyrosinemia (Type II) Tyrosine aminotransferase <0.01:10,000
 Hepatorenal tyrosinemia (Type I) Fumarylacetoacetate hydrolase 0.08–0.1:10,000
 Aromatic l-amino acid decarboxylase
Deficiency

Aromatic l-amino acid decarboxylase <100 cases worldwide (20% from Taiwan)

Table 1D
Organic Acidurias Defect Prevalence
 Propionic academia Propionyl-CoA carboxylase 0.01–0.09:10,000
 Methylmalonic acidemia Methylmalonyl-CoA mutase 0.125:10,000 (0.2:10,000 Japan)
 Isovaleric acidemia Isovaleryl-CoA dehydrogenase 0.1–0.9:10,000
 Maple syrup urine disease (branched-chain 

oxoaciduria)
Branched-chain oxo acid dehydrogenase 0.01–0.09:10,000

 Glutaric aciduria (type I) Glutaryl-CoA dehydrogenase 0.01–0.09:10,000
Table 1E
Disorders of the Urea Cycle Defect Prevalence
 Ornithine transcarbamylase deficiency Ornithine transcarbamylase 0.71:10,000 (0.14:10,000 Italy; 0.16:10,000 

Finland; 0.13:10,000 New South Wales, 
Australia)

 Carbamylphosphate synthetase deficiency Carbamylphosphate synthetase 0.01–0.09:10,000
 Citrullinemia Argininosuccinic acid synthetase 0.18:10,000 (0.45:10,000 Korea; 0.05:10,000 

New England; 0.08:10,000 Taiwan; 
0.13:10,000 Austria)

 Argininosuccinic aciduria Argininosuccinate lyase 0.01–0.09:10,000

 Argininemia Arginase 0.01–0.03:10,000
(Continued)
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 Hyperornithinemia, hyperammonemia, 
homocitrullinemia (HHH) syndrome

Deficient transport of ornithine into 
mitochondrium

85 cases reported

 Lysinic protein intolerance Deficient transport of basic amino acids 0.17:10,000 (0.18:10,000 Japan)
 Glutamine synthetase deficiency Glutamine synthetase Approximately 70 cases
Table 1F
Disorders of Carbohydrate Metabolism Defect Prevalence
 Galactosemia Galactose-1-phosphate uridylyltransferase 0.33:10,0000 (Type I; others more rare)
 Hereditary fructose intolerance Fructose-1,6-biphosphate aldolase 0.33–0.5:10,000
Glycogen storage disease   
 Type 0 Glycogen synthase <40 cases worldwide
 Type I (von Gierke) Glucose-6-phosphatase or translocase 0.1:10,000
 Type II (Pompe) Acid alpha-glucosidase 0.25:10,000
 Type III (Cori or Forbes) Glycogen debranching enzyme 0.1:10,000 (1.85:10,000 Jewish ancestry)
 Type IV (Andersen) Glycogen branching enzyme 0.01–0.02:10,000
 Type V (McArdle) Muscle glycogen phosphorylase 0.1:10,000 (Dallas–Ft. Worth, Texas)
 Type VI (Hers) Liver glycogen phosphorylase 11 cases reported
 Type VII (Tarui) Muscle phosphofructokinase 100 cases reported
 Type IX Phosphorylase kinase 0.1:10,000
 Type XI (Fanconi Bickel) Glucose transporter (GLUT2) Unknown
 Type XII Aldolase A Unknown
 Type XIII Beta-Enolase <0.01:10,000
Table 1G
Disorders of Fatty Acid Metabolism Defect Prevalence
Carnitine cycle defects   
 Carnithine transporter deficiency Carnitine transporter 0.1:10,000 (0.25:10,000 Japan)
 Carnitine-acylcarnitine translocase deficiency Carnitine-acylcarnitine translocase 30 cases reported
 Carnitine palmitoyl transferase I (CPT1A) 

deficiency
Carnitine palmitoyl transferase I 0.01–0.02:10,000

 Carnitine palmitoyl transferase II (CPTII) 
deficiency

Carnitine palmitoyl transferase II Unknown

β-oxidation defects   
 Very long chain acyl-CoA
dehydrogenase deficiency

Very long chain acyl-CoA dehydrogenase 0.1–0.9:10,000

 Medium chain acyl-CoA dehydrogenase 
deficiency

Medium chain acyl-CoA dehydrogenase 0.1–0.9:10,000

 Short chain acyl-CoA dehydrogenase deficiency Short chain acyl-CoA dehydrogenase Unknown
 Long chain 3-hydroxyacyl-CoA dehydrogenase/

mitochondrial trifunctional protein deficiencies
Long chain 3-hydroxyacyl-CoA dehydrogenase 0.11:10,000 (Estonia)

 3-hydroxyacyl-CoA dehydrogenase (short chain 
3-hydroxyacyl-CoA dehydrogenase) deficiency

3-Hydroxyacyl-CoA dehydrogenase Unknown

 Short/branched chain acyl-CoA dehydrogenase 
(2-methylbutyrylCoA dehydrogenase) deficiency

Short/branched chain acyl-CoA 
dehydrogenase

<0.01:10,000

 3-Hydroxy-3-methylglutaryl-CoA lyase deficiency 
(HMG CoA lyase deficiency)

3-Hydroxy-3-methylglutaryl-CoA lyase <100 cases worldwide

Electron transfer defects   
 Multiple acyl-CoA dehydrogenase deficiency/ 

glutaric aciduria type II
α-/β unit of electron transfer flavoprotein, 

electron transfer flovoprotein-ubiquinone 
oxidoreductase

0.01–0.09:10,000

Ketogenesis defects   
 Mitochondrial 3-hydroxy-3-methylglutaryl- 

coenzyme A synthase deficiency
Mitochondrial 3-hydroxy-3-methylglutaryl-

coenzyme A synthase
 

 3-Hydroxy-3-methylglutaryl-CoA lyase deficiency 
(HMG CoA lyase deficiency)

3-Hydroxy-3-methylglutaryl-coenzyme A lyase <100 cases worldwide

 Succinyl-CoA 3-oxoacid CoA transferase 
deficiency

Succinyl-CoA 3-oxoacid CoA transferase 20 cases worldwide

 Mitochondrial acetoacetyl-CoA thiolase deficiency Mitochondrial acetoacetyl-CoA thiolase <0.01:10,000
Table 1H
Peroxisomal Disorders Defect Prevalence
 X-linked adrenoleukodystrophy Very long-chain acyl-CoA synthetase 0.1–0.9:10,000
 Classic/adult Refsum disease Phytanoyl-CoA hydroxylase 0.01:10,000 (UK)
Zellweger spectrum disorders  Overall 0.2:10,000
 Zellweger syndrome Impairment of peroxisomal biogenesis  
 Neonatal adrenoleukodystrophy Impairment of peroxisomal biogenesis  
 Infantile Refsum disease Impairment of peroxisomal biogenesis  

Table 1.  Continued
Table 1E
Disorders of the Urea Cycle Defect Prevalence
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receiving essential amino and essential fatty acid supplemen-
tation (l-arginine) as well as nitrogen scavenger treatment 
(sodium phenylacetate, sodium phenylbutyrate, sodium ben-
zoate), which should be continued perioperatively. l-Argi-
nine provides a urea cycle intermediate to facilitate urea 
production, whereas nitrogen scavengers stimulate produc-
tion of nonurea nitrogen metabolites that can be excreted via 
the kidneys.63

Anesthetic management in patients with ornithine 
transcarbamylase deficiency, the most common urea 
cycle defect,65 has been well described.66–68 Dutoit et  al69 
found that anesthesia was well tolerated in these patients. 
Medications included midazolam, propofol, fentanyl, 
sevoflurane, isoflurane, nitrous oxide, atracurium, 
vecuronium, pancuronium, and neostigmine. In 15 of 
the 25 reported procedures (including 4 major surger-
ies), patients were maintained on dextrose-containing 

fluids. Other authors described the successful use of ket-
amine,66,70 ropivacaine, and acetaminophen.70 In 1 report, 
the authors describe a significant increase in plasma 
ammonia levels during general anesthesia in a 21-year-
old woman, although this occurred in the setting of peri-
operative interruption of her maintenance treatment and 
the patient received dexamethasone, which can induce 
protein catabolism.71

Gharavifard et al72 reported delayed emergence and 
postoperative ataxia in a 3-year-old boy with citrullinemia. 
Agents used included sevoflurane, nitrous oxide, propofol, 
fentanyl, cisatracurium, naloxone, and neostigmine. The 
patient’s nitrogen scavenger maintenance drugs were con-
tinued perioperatively and dextrose-containing fluid sup-
plementation was provided. After initiation of IV sodium 
benzoate treatment and transfer to the intensive care unit 
for monitoring, the patient had a full recovery.

Table 2.  General Guidelines for Perioperative Management of Inborn Errors of Metabolism
 General Guidelines for the Perioperative Care of Patients With Inborn Errors of Metabolism
1 Anticipate metabolic acidosis Enzyme defects that impair steps in intermediary metabolism leading to accumulation 

of substrates that either by themselves or after metabolism via alternative routes 
become acids and induce a state of metabolic acidosis. This state is typically 
absent in the unstressed patient who is able to provide adequate nutrients by food 
intake.

2 Avoid prolonged fasting, provide supplemental 
glucose

Surgery not only results in catabolism during the actual intervention, the preparatory 
phase including conventional NPO periods do so as well. The patient with an 
IEM should have generous intake of glucose-containing fluids up to 2 h before 
the procedure or, alternatively, admission with initiation of glucose-containing IV 
fluids as well as intra- and postoperative use of glucose-containing IV fluids to 
provide a constant supply of substrate for energy generation and to prevent protein 
catabolism.

3 Avoid lactated Ringer’s Some patients with inborn errors of metabolism have an impaired ability to clear lactate, 
thus providing larger loads of lactate could lead to lactic acidosis. This could confuse 
the picture for those who monitor hemodynamics and oxygen delivery/utilization 
via lactate levels. However, strict avoidance of lactated Ringer’s solution remains 
controversial.43

4 Aspiration risk Aspiration risk can arise from significant gastroesophageal reflux disease, esophageal 
dysmotility, and central nervous system disorders accompanied by oropharyngeal 
incompetence.

5 Seizures Substrate deposits in the central nervous system that interfere with neuronal function 
or affect the energy homeostasis of neurons and glia can precipitate seizures. 
These patients are typically treated with anticonvulsants and benefit from their 
perioperative continuation as well as the avoidance of seizure threshold- 
lowering anesthetics. Anticonvulsant drugs are also known to induce resistance 
to nondepolarizing neuromuscular blockers of the aminosteroid type such as 
vecuronium, rocuronium, and pancuronium.125

6 Coagulopathy Liver function as a comorbidity can decrease levels of coagulation proteins. 
Thrombocytopenia can result from splenic sequestration in the setting of infiltrative 
disease or liver disease with subsequent portal hypertension or together with 
alterations in red and white blood cells in the setting of pancytopenia from bone marrow 
infiltration.

7 Electrolyte abnormalities Inborn errors of metabolism that affect acid-base status such as organic acidemias 
can also alter electrolyte levels. Potassium and bicarbonate levels, especially, have 
important effects on cardiac electrophysiology and acid-base status, respectively.

8 Invasive monitoring The decision to place an arterial catheter for invasive monitoring is mainly dependent 
on the procedure performed, expectations regarding fluid shifts/blood loss and 
certain comorbidities of the patient. For IEM, the main benefit is to provide vascular 
access for frequent monitoring of acid-base status and electrolytes. The presence 
of central venous access may obviate arterial line placement given the reasonable 
correlation between pH, pCO2, and lactate levels.

9 Muscle involvement—avoid succinylcholine Although inborn errors of metabolism do not per se cause proliferation of 
extrajunctional acetylcholine receptors, many disease processes may lead to 
debilitation. Patients with disuse atrophy, over time, can develop extrajunctional 
acetylcholine receptor proliferation.121

Abbreviations: NPO, nothing by mouth; IEM, inborn errors of metabolism.
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For patients diagnosed with arginase deficiency, 2 
reports detail successful anesthetics using midazolam, pro-
pofol, thiopental, fentanyl, rocuronium, sevoflurane, and 
nitrous oxide.73,74

Disorders of Carbohydrate Metabolism
Numerous enzymes are involved in carbohydrate metabolism; 
their dysfunction results in the accumulation of carbohydrate 
intermediates and a decrease in energy production (Table 1F).

Galactosemia occurs in patients with enzyme defects that 
impair conversion of galactose to glucose and can, undiag-
nosed, result in fatal neonatal hepatotoxic syndrome. The 
condition is managed by a modified diet that eliminates 
milk and milk products.75 There are no specific anesthetic 
implications for the appropriately managed child. In con-
trast, a neonate in whom the diagnosis was missed may 
present with failure to thrive, sepsis, and symptoms affect-
ing the CNS (lethargy), gastrointestinal tract (vomiting, 
hepatomegaly, splenomegaly), and coagulation system 
(coagulopathy).

Glycogen storage diseases deposit glycogen in tissues, 
which results in specific organ system dysfunction. Because 
the liver and muscle harbor the largest glycogen stores, 
these organs show the most significant dysfunction. If the 
malfunctioning enzyme is predominantly expressed in the 
liver, patients classically present with impaired glucose 
mobilization and hypoglycemia. In contrast, if muscle is 
the major location for the dysfunctional enzyme, weakness, 
cramps, stiffness, and rhabdomyolysis are characteristically 
encountered.75 According to a classification proposed by 
Smit,76 liver glycogenoses include types I, III, IV, VI, IX, and 
0; muscle glycogenoses include types V, VII, X (in newer 
classifications, type X has been combined with type VI), XI, 
XII, and XIII. Type II is classified under generalized glyco-
genoses. Some glycogen storage diseases show overlaps 
and may affect liver and muscle (types III, IV, IX).

Glycogen storage disease type II (Pompe) deserves 
special mention. It is considered as a lysosomal storage 
disease given the location of the affected enzyme (acid 
α-glucosidase). End-organ disease mainly affects the heart 
and skeletal muscle resulting in cardiomyopathy, congestive 
heart failure, muscle weakness, and hypotonia. It can pres-
ent early (infantile/juvenile form with generalized muscle 
weakness, cardiomegaly, and heart failure) or late (adult 
form, proximal muscle weakness, respiratory insufficiency).77 
Several authors have reported cardiac arrest or ventricu-
lar fibrillation occurring during inhalation induction with 
halothane78,79 or sevoflurane,80,81 IV induction with propofol 
and fentanyl,80 combined induction with sevoflurane and 
propofol80 and after inhalation induction with sevoflurane, 
and maintenance with continuous propofol infusion.80,82 
The underlying cardiac pathology is glycogen deposition 
in the cardiac muscle, which leads to hypertrophic cardio-
myopathy and an increased susceptibility to arrhythmias 
under general anesthesia.81 As such, anesthetic management 
should focus on maintaining adequate preload, systemic 
vascular resistance and coronary perfusion pressure, avoid-
ance of tachycardia leading to shortened diastolic time, and 
consideration of invasive monitoring.82 Induction agents 
such as ketamine and etomidate seem beneficial, whereas Ta
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volatile agents in judicious doses can be used for mainte-
nance. Notably, Huang et al83 reported the occurrence of 
torsades des pointes during elective intubation of an infant 
with Pompe’s disease using ketamine, although the authors 
also used atropine and succinylcholine. Given other consid-
erations including respiratory muscle weakness and risk for 
aspiration, some authors advocate the use of regional anes-
thesia if appropriate.82,84 In addition, difficult laryngoscopy 
can be encountered secondary to macroglossia.

Anesthetic management in glycogen storage disease 
type I (von Gierke) should focus on avoidance of hypogly-
cemia and metabolic acidosis. Hammond et al85 reported 
that a 3-year old was hypoglycemic on arrival in the oper-
ating room after a 2-hour fast. Anesthetic agents used suc-
cessfully include propofol, thiopental, fentanyl, lidocaine, 
nitrous oxide, isoflurane, sevoflurane, rocuronium, and 
atracurium.85–87 Two authors also report the use of succi-
nylcholine without adverse effect.86,87 Patients with type I 
glycogen storage disease also experience hyperlipidemia, 
predominantly as a result of elevation of triglycerides. 
Bustamante et al88 reported postoperative pancreatitis after 
general anesthesia with a continuous propofol infusion. 
Although no clear causal relationship can be established, 
the authors raise the possibility that propofol may have 
contributed to hypertriglyceridemia-induced pancreatitis. 
Lastly, patients may experience abnormal hemostasis sec-
ondary to impaired platelet function.89

Glycogen storage disease type V (McArdle) predomi-
nantly affects skeletal muscle resulting in myalgia, weak-
ness, cramping, and early fatigue. This skeletal muscle has 
a higher susceptibility to stress, which can culminate in 
rhabdomyolysis, myoglobinuria, and acute kidney injury; 
anesthetic and surgical triggers for rhabdomyolysis may 

include volatile anesthetics, succinylcholine, tourniquet 
use, and postoperative shivering.90 Nondepolarizing mus-
cle relaxants are safe but should be used with neuromus-
cular monitoring given the baseline myopathy.91,92 Patients 
who undergo caffeine halothane contracture testing have a 
higher likelihood to test positive and therefore may become 
classified as malignant hyperthermia susceptible.90,93,94

There is limited literature available for anesthetic man-
agement of the other types of glycogen storage diseases, 
although most anesthetic considerations are similar to those 
described for type I: avoidance of hypoglycemia by provi-
sion of carbohydrate-containing fluids, minimizing fasting 
periods, avoidance of metabolic acidosis, physical examina-
tion to detect macroglossia, possible hepatic dysfunction 
(hepatomegaly, cirrhosis, coagulopathy), and assessment 
of gastroesophageal reflux, aspiration risk, and muscle 
weakness/myopathy.95–97

Disorders of Fatty Acid Metabolism
Fatty acids serve as energy stores that can be mobilized to 
yield acetyl-CoA via the fatty acid oxidation pathway in the 
cytosol and the mitochondrial matrix (and peroxisomes for 
very long chain fatty acids). The fatty acid oxidation pathway 
includes 4 steps: (1) carnitine cycle (required for transport of 
fatty acids into mitochondria); (2) β-oxidation cycle (produces 
progressive shortening of fatty acid, which yields acyl-CoA 
and acetyl-CoA); (3) electron transfer (required for transport 
of electrons between acyl-CoA and ubiquinone in the mito-
chondrial electron transport chain); and (4) ketone synthesis 
(required for synthesis of ketone bodies in the liver; Table 1G).

Carnitine cycle defects affect the liver, heart, and skeletal 
muscle. Metabolic derangements including hypoglycemia, 

Table 4.  Suggested Preoperative Testing for Patients With Inborn Errors of Metabolism

 Mucopolysaccharidoses Sphingolipidoses
Mitochondrial  

Disorders
Amino Acid Metabolism 

Disorders
Laboratory tests     
 Hemoglobin + (consider for MPS VI) + (consider for Niemann-Pick, 

Gaucher disease)
+  

 Platelet count + (consider for MPS VI) + (consider for Niemann-Pick, 
Gaucher disease)

+ + (consider for tyrosinemia I)

 Coagulation 
studies

 + (consider for Niemann-Pick, 
Gaucher disease)

+ + (consider for tyrosinemia I)

 LFTs   + + (consider for tyrosinemia I)
 Creatinine  + (consider for Fabry disease) + + (consider for tyrosinemia I)
 Electrolyte panel   + + (consider for tyrosinemia I)
 Glucose   + + (consider for tyrosinemia I, 

homocystinuria, aromatic 
l-amino acid decarboxylase 
deficiency)

 Lactate   + +
Imaging     
 CT/MRI neck + (specifically MPSIV: odontoid dysplasia,  

cord compression, atlantoaxial  
subluxation, tracheal narrowing)

   

 TTE + (valvular pathology, cardiomyopathy, 
pulmonary hypertension)

+ (consider for Fabry, Gaucher 
disease, GM1-gangliosidosis)

+ + (consider for alkaptonuria, 
tyrosinemia I)

 ECG + (specifically MPSI: ST/T changes,  
ischemia, preoperative baseline)

+ (consider for Fabry disease) + + (consider for homocystinuria)

Additional tests If available, review PFTs (restrictive lung 
disease) and airway CT (tracheal narrowing, 
airway obstruction)

   

(Continued)
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metabolic acidosis, and hyperammonemia can result in 
encephalopathy and may progress to coma and death. 
Anesthetic considerations include avoidance of catabolic 
states by the provision of carbohydrate-containing fluids, 
minimization/avoidance of fasting periods, evaluation for 
the presence of cardiomyopathy, coagulopathy, and avoid-
ance of depolarizing muscle relaxants as a result of myopathy 
with associated risk for rhabdomyolysis and hyperkalemia. 
Authors have reported the successful use of anesthetic agents 
including thiopental, atracurium, rocuronium, vecuronium, 
nitrous oxide, isoflurane, sevoflurane, remifentanil, and fen-
tanyl.98–102 Long-term treatment usually includes carnitine 
supplementation, which should be continued periopera-
tively, and reduction of dietary long-chain fats.75

Defects of the fatty acid oxidation pathway are numer-
ous based on the abundance of enzymes required to break 
down fatty acids of differing chain lengths. Although the 
predominantly affected tissues remain the liver, heart, and 

skeletal muscle, considerable heterogeneity exists. Some 
forms such as medium-chain acyl-CoA dehydrogenase 
deficiency (the single most common fatty acid oxidation 
disorder) only cause liver dysfunction and spare cardiac 
and skeletal muscles.

Electron transfer defects (multiple acyl-CoA dehydroge-
nase deficiency/glutaric aciduria type II) are rare and also 
affect the liver, heart, and skeletal muscle. They typically pres-
ent as overwhelming illness in the neonatal period with a fatal 
outcome.75 Because of heterogeneity of this disorder and vari-
ability in expression, a milder form exists that permits sur-
vival to adulthood. Patients may present with metabolic crises 
(hypoglycemia, acidosis, hyperammonemia), nausea, emesis, 
cardiomyopathy, and muscle weakness. One report raises 
concern about the use of prolonged propofol infusions.103

There are few reports of anesthetics in patients with fatty 
acid oxidation disorders. For short-chain acyl-CoA dehydro-
genase deficiency, authors reported successful anesthetics 

Table 4.  Continued

 
Organic  

Acidurias
Urea Cycle 
Disorders

Carbohydrate Metabolism 
Disorders

Fatty Acid Metabolism 
Disorders

Peroxisomal  
Disorders

Laboratory tests      
 Hemoglobin + (consider for propionic 

acidemia, isovaleric acidemia, 
methylmalonic acidemia)

 + (consider for GSDVII)   

 Platelet count + (consider for propionic 
acidemia, isovaleric acidemia, 
methylmalonic acidemia)

    

 Coagulation studies   + + (consider for CPT 
deficiency)

+

 LFTs   + (consider for GSD0/I/ 
III/IV/VI/IX)

+ (consider for CPT, 
MCAD, LCAD, VLCAD, 
HMG CoA lyase 
deficiency, glutaric 
aciduria II)

+

 Creatinine + (consider for methylmalonic 
acidemia)

 + + (consider for CPT, 
MCAD, glutaric 
aciduria II)

 

 Electrolyte panel + + + + (consider for CPT, 
MCAD deficiency, 
glutaric aciduria II)

+ (hypernatremia, 
hypokalemia 
and alkalosis 
secondary to 
chronic steroid 
treatment)

 Glucose +  + +  
 Lactate +  + +  
Imaging      
 CT/MRI neck      
 TTE + (consider for propionic 

acidemia, methylmalonic 
acidemia)

 + (consider for GSD0/ 
II/III/IV and infantile 
form of GSD VII)

+ (consider for CPT, 
LCAD, VLCAD 
deficiency, glutaric 
aciduria II)

 

 ECG + (consider for propionic 
acidemia)

 + (consider for GSD0/ 
II/III/IV)

+ (consider for CPT, 
LCAD, VLCAD 
deficiency)

 

Additional tests WBC count in propionic 
acidemia, methylmalonic 
acidemia, isovaleric 
acidemia (neutropenia). 
Calcium in isovaleric 
acidemia (hypocalcemia). 
Consider ammonia level as 
preoperative baseline

Consider 
ammonia 
level as 
preoperative 
baseline

WBC count in GSDI 
(neutropenia)

Consider ammonia 
level as preoperative 
baseline in MCAD, 
HMG CoA lyase 
deficiency

 

Abbreviations: CPT, carnitine palmitoyltransferase; CT, computed tomography; ECG, electrocardiogram; GSD, glycogen storage disease; HMG-CoA lyase, 
hydroxymethylglutaryl-CoA lyase; LCAD, long-chain acyl-CoA dehydrogenase; LFT, liver function tests; MCAD, medium-chain acyl-CoA dehydrogenase; MPS, 
mucopolysaccharidosis; MRI, magnetic resonance imaging; TTE, transthoracic echocardiogram; VLCAD, very long-chain acyl-CoA dehydrogenase; WBC, white blood cell.
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with supplementation of carbohydrate-containing fluids and 
use of midazolam, ketamine, etomidate, fentanyl, cisatracu-
rium, dexmedetomidine, isoflurane, and nitrous oxide.104,105 
Both reports advocate the avoidance of propofol because of 
its elevated lipid content in the setting of impaired fatty acid 
oxidation. Patients with medium-chain acyl-CoA dehydroge-
nase deficiency have been successfully anesthetized with mid-
azolam, propofol, thiopental, and sevoflurane.106,107

Redshaw et al108 reported anesthetic management in 
patients with very long-chain acyl-CoA dehydrogenase defi-
ciency. This condition presents with liver, heart, and skeletal 
muscle involvement. The anesthetics included midazolam, 
diazepam, propofol, thiopental, sevoflurane, alfentanil, fen-
tanyl, sufentanil, morphine, rocuronium, and local anesthetics. 
The crucial role of avoiding prolonged fasting and providing 
carbohydrate-containing fluids is illustrated by a periopera-
tive death in a child with undiagnosed very long-chain acyl-
CoA dehydrogenase deficiency,109 who received ketamine and 
etomidate, although the concerns seem to be more theoretical. 
Other successful anesthetics have been accomplished using 
midazolam, thiopental, alfentanil, remifentanil, piretanide, 
mivacurium, lidocaine, ropivacaine, and bupivacaine.110,111 
Volatile agents and propofol seem to create the biggest con-
cern given their associations with rhabdomyolysis and fatty 
acid load, respectively. Although there is a theoretical founda-
tion, some authors report the successful use of those medica-
tions in patients with fatty acid oxidation disorders.107,111,112 In 
the absence of solid evidence, the authors of this article do not 
regard the induction dose of propofol or short-duration main-
tenance with volatile anesthetics as contraindicated.

Peroxisomal Disorders
Fatty acid molecules are catabolized in mitochondria to 
generate acetyl-CoA to enter the citric acid cycle; in contrast, 
peroxisomes are responsible for β-oxidation of very long-
chain fatty acids. The umbrella term “peroxisomal disor-
ders” refers to a variety of diseases that can be divided into 
disturbances of peroxisome formation (collectively referred 
to as Zellweger spectrum disorders,113 which describe a 
continuum of phenotypes including Zellweger syndrome, 
neonatal adrenoleukodystrophy, and infantile Refsum dis-
ease), and peroxisome enzyme defects (including X-linked 
adrenoleukodystrophy, acyl-CoA oxidase deficiency, and 
classic/adult Refsum disease; Table 1H).

Inability to metabolize very long-chain fatty acids as seen 
in X-linked adrenoleukodystrophy, the most common peroxi-
somal disorder typically presenting between the ages of 4 and 8 
years,114 predominantly affects the CNS and can include behav-
ioral changes, developmental delay, gait disturbances, gen-
eralized weakness with progression to spastic quadriparesis, 
dysarthria, dysphagia, blindness, and deafness. Accumulation 
of very long-chain fatty acids in the adrenal cortex impairs cor-
tisol production and secretion; adrenal insufficiency ensues, 
which requires replacement therapy with glucocorticoids.115 In 
contrast, problems with peroxisomal formation present early 
in the neonatal period and up to 1 year of life and are char-
acterized by generalized hypotonia, severe seizure disorder, 
profoundly delayed psychomotor development, and failure to 
thrive. Hepatomegaly can occur with associated abnormalities 
in liver function tests and coagulation.

Successful anesthetics for children with X-linked adreno-
leukodystrophy have included total IV anesthesia with propo-
fol, remifentanil, and neuromuscular blockade116; isoflurane/
nitrous oxide, fentanyl, and rocuronium117; sevoflurane and 
rocuronium118; sevoflurane, nitrous oxide, and acetamino-
phen119; thiopental, sevoflurane, and tramadol120; and desflu-
rane, remifentanil, and thiopental.114 The authors highlighted 
the importance of perioperative continuation of anticonvul-
sants, consideration of stress-dose steroids for adrenal insuf-
ficiency, risk for aspiration in the setting of gastroesophageal 
reflux disease and dysphagia, and avoidance of neuromus-
cular blockade or its use with neuromuscular monitoring. In 
addition, 2 cases reported challenging airway management 
as a result of limited mouth opening.118,120 Succinylcholine 
is avoided by most authors in the setting of quadriparesis, 
hypotonia, or wheelchair-bound patients owing to concerns 
about hyperkalemia and rhabdomyolysis.121

Fewer reports describe anesthetic regimens for neonatal 
adrenoleukodystrophy, but similar concerns seem reason-
able. Schwartz et al122 reported a successful anesthetic for a 
9-month-old boy using a modified rapid sequence induction 
with atropine, thiopental, pancuronium, and isoflurane.

Cardiac involvement has not been reported in X-linked 
adrenoleukodystrophy, but may occur in Zellweger spec-
trum disorders and classic/adult Refsum disease. In the for-
mer group, patients can present with septal defects or patent 
ductus arteriosus,123 whereas cardiac involvement in the lat-
ter group is characterized by cardiomyopathy and cardiac 
arrhythmias.124

PERIOPERATIVE CARE OF PATIENTS WITH INBORN 
ERRORS OF METABOLISM
Table 1 lists more than 80 diseases classified as IEM; this list 
is not all inclusive. As such, it is not feasible to discuss every 
single disease. To provide recommendations for the periop-
erative care of patients with IEM, we have created tables 
that allow quick access and point the reader toward major 
management considerations. Table 2 lists general consider-
ations and their rationale for IEM. Table 3 connects the con-
siderations from Table 2 to specific IEM subgroups. Table 4 
suggests testing that should be considered before surgery.

CONCLUSIONS
IEM is rare and includes a heterogeneous group of conditions, 
many of which can have profound anesthetic implications. 
Although intimate knowledge about each rare disease is 
impossible and many clinical anesthetics have only been doc-
umented in case reports or small series, an overall approach 
with general recommendations tailored to abnormalities in 
overall cellular energetics and accumulation of substrates 
proximal to specific enzyme defects in metabolic pathways 
allows a framework of management recommendations that 
can be applied to specific subgroups (Tables 2–4).125 E
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