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Abstract
Purpose of Review Metabolic disorders encompass a group of inherited inborn errors of metabolism that are uncommonly
encountered but can pose challenges when encountered during the perioperative period. Hence, it is paramount that anesthesi-
ologists are experienced and familiar with management of these conditions.
Recent Findings Hundreds of inborn errors of metabolism have already been identified, yet new metabolic disorders continue to
be discovered with advancements in genomic science.
Summary In our general review, we define the more common metabolic disorders encountered in perioperative medicine and
discuss the perioperative anesthetic considerations and challenges associated with each disorder. The following disorders are
covered in our review: disorders of carbohydrate metabolism, disorders of amino acid metabolism, disorders of branched-chain
amino acid metabolism, organic acidemias, mitochondrial disorders, lysosomal storage disorders, metal metabolism disorders,
and urea cycle disorders.
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Introduction

Metabolic disorders are a group of inherited inborn errors
of metabolism that present infrequently yet can be chal-
lenging when encountered during anesthesia and surgical
care. Hence, it is paramount that anesthesiologists are ex-
perienced and familiar with management of these
conditions.

In this general review, we define the more common meta-
bolic disorders encountered in perioperative medicine and dis-
cuss the perioperative anesthetic considerations and chal-
lenges associated with each disorder.

Disorders of Carbohydrate Metabolism

Galactosemia

Pathophysiology

Lactose, found in milk and dairy products, breaks down into
galactose and glucose via hydrolysis. To use galactose as fuel
for cellular metabolism, it needs to be converted into glucose-
1-phosphate by one of the 3 enzymes: galactose-1-phosphate
uridyltransferase, galactokinase, or uridine diphosphate
galactose-4-epimerase (Table 1). Galactosemia, a condition
with elevated level of galactose in the blood, can be caused
by deficiency in any of the 3 enzymes, but usually is due to
transferase deficiency. Without the transferase enzyme, the
accumulation of galactose-1-phosphate in cells can result in
injury to the kidney, liver, eyes, and brain [1••].

Presentation

Classic galactosemia, or type I galactosemia, due to the com-
plete deficiency of transferase, is an autosomal recessive
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disorder, and usually manifests by the first 2 weeks of life as a
life-threatening disease [1]. It has an incidence of 1 in 60,000.
Affected neonates may present with any of the following
symptoms: Escherichia coli sepsis, jaundice, hepatomegaly,
vomiting, hypoglycemia, seizures, lethargy, irritability, feed-
ing difficulties, poor weight gain, aminoaciduria, cataracts,
vitreous hemorrhage, liver cirrhosis, ascites, hepatic failure,
splenomegaly, or mental retardation [2••, 3]. Symptoms im-
prove when milk is temporarily withheld or replaced by
lactose-free nutrition. Partial transferase deficiency occurs at
a higher incidence, but is usually asymptomatic and only di-
agnosed in neonate screening due to moderately low transfer-
ase activity or moderately elevated galactose level [2••]. In
galactosemia caused by deficiency of galactokinase or epim-
erase, symptoms are usually milder or can be asymptomatic
(Table 1).

Treatment

The only treatment for classic galactosemia is life-long elim-
ination of galactose intake [1]. Lactose-free milk substitutes
are available as an alternative nutrient. Although elimination
of galactose reverses hepatic dysfunction, cataract, and growth
delay, patients suffer long-term effects secondary to galactose
restriction such as ovarian failure, decreased bone mineral
density, learning disabilities, developmental delay, and im-
paired motor function since galactose is an essential compo-
nent of nervous system proteins during early development
[1••, 2••]. In galactosemia caused by deficiency of the other
two enzymes, galactokinase or epimerase, the treatment is
galactose restriction for severe disease, while mild forms of
disease does not require treatment [2••].

Perioperative Anesthesia Considerations

Patients with galactosemia may have existing hepatic and re-
nal dysfunction and are prone to prolonged clotting times,
hemolysis, E. coli sepsis, and albuminuria.

Preoperative evaluation should include laboratory testing,
including coagulation panel, liver function tests, complete
blood count, and basic metabolic panel to evaluate for the
aforementioned medical considerations [4].

Prolonged clotting times due to hepatic dysfunction can
make the patient more prone to bleeding during surgery.
Presence of hemolysis may result in pronounced anemia.
Albuminuria, secondary to renal tubular dysfunction, can
cause osmotic diuresis, so urine output is not a reliable marker
of intravascular volume [4].

Considering the baseline hepatic and renal dysfunctions, it
is crucial to avoid extreme hypotension and organ hypoperfu-
sion. Also, hepatotoxic and nephrotoxic agents must be ad-
ministered with caution and avoided whenever possible [4, 5].

E. coli sepsis is the most common cause of mortality for
infants with galactosemia, especially if it was not diagnosed in
the first week of life; therefore, special attention should be
paid to reduce the infection risks during line placements and
medication administration for these patients in the periopera-
tive period [5].

Glycogen Storage Diseases

Pathophysiology

Glycogen, a long-chain polymer of glucose, is the main form
of glucose storage in human body. Glycogen in skeletal mus-
cles provides a ready source of fuel during exercise, and he-
patic glycogen helps maintain plasma glucose level during
fasting [4].

In glycogen storage diseases (GSD), glycogen breakdown
is impaired, and patients are at risk of hypoglycemia. It is an
inherited enzymatic defect without sex predilection. Because
of the impaired glycogenolysis, amino acids are used instead
as an alternate substrate to maintain glucose homeostasis,
resulting in muscle breakdown [6]. In addition, glycogen ac-
cumulates in tissues such as the liver, muscles, or central or
peripheral neurons, causing organ dysfunction [2••]. There are
14 types of GSD, although 90% of patients have type I and
five variants are commonly encountered.

Presentation and Treatment

Type I GSD, or Von Gierke disease, is an autosomal recessive
disorder caused by the deficiency of glucose-6-phosphatase
activity in the liver and kidney. Its incidence is 1:50,000–

Table 1 Galactosemia subtypes
and clinical presentations [1••] Galactosemia subtypes Enzyme defect Clinical presentation

Classic/type I galactosemia Galactose-1-phosphate-uridyl-transferase Vomiting, hepatomegaly,
cataracts, failure to thrive,
aminoaciduria

Galactokinase deficiency Galactokinase Cataract

UDP-galactose-4-epimerase
deficiency

UDP-galactose-4-epimerase Similar to transferase deficiency
with additional findings of
hypotonia and nerve deafness
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100,000 patients. The disease may manifest in neonates with
hypoglycemia and lactic acidosis, or more commonly in in-
fants 3–4 months of age with hepatomegaly or hypoglycemic
seizures. Children with type I GSD often have doll-like faces
with round cheeks, short stature, and protuberant abdomen
due to enlarged liver and kidney. Other features include inter-
mittent diarrhea due to loss of mucosal barrier function and
neutrophil dysfunction, hyperuricemia and gout, hyperlipid-
emia and increased risk of pancreatitis, and bruising and epi-
staxis due to impaired platelet function. Almost all female
patients have polycystic ovaries on ultrasound, without other
features of polycystic ovarian syndrome such as hirsutism and
infertility. Later in life, after the second decade of life, patients
may develop organ dysfunction such as hepatic adenomas that
have malignant potential and may have hemorrhage, protein-
uria, and renal disease sometimes progressing to failure, and
pulmonary hypertension [2••].

The main goal of treatment for type I GSD is to maintain
euglycemia with dietary therapy. It consists of continuous in-
fusion of glucose or oral feeding of elemental formula that
contains only glucose in early infancy, and transitions to feed-
ing of uncooked cornstarch or other new starch products that
provide a slow-release form of glucose. Other types of sugars
such as fructose, sucrose, and lactose should be avoided be-
cause they cannot be converted in glucose in GSD type I.
Liver transplant is a potential cure for type I GSD but is re-
served as a last resort for patients with liver malignancy or
liver failure given its inherent morbidity.

Type II GSD, or Pompe disease, is an autosomal recessive
disorder caused by the deficiency of acid-α-glucosidase (acid
maltase), an enzyme that degrades glycogen in lysosomes. In
Pompe disease, glycogen accumulates in lysosomes in tissues
of multiple organs, especially cardiac and skeletal muscles. In
infantile Pompe disease, patients present in the first few
months of life with hypotonia, macroglossia, hepatomegaly,
and hypertrophic cardiomyopathy, followed by cardiorespira-
tory failure by 2 years of age. Patients with late-onset Pompe
disease have fewer cardiac conditions but suffer muscle weak-
ness that progresses to respiratory failure. Most patients suc-
cumb to their disease between early childhood and late adult-
hood [2••]. Enzyme replacement therapy with recombinant
acid α-glucosidase is the treatment for Pompe disease, and
should be initiated preferably < 6 months of age [2••].

Type III GSD is an autosomal recessive disease caused by a
deficiency of glycogen debranching enzyme, leading to accu-
mulation of abnormal glycogen with short-branch chains in
the liver and cardiac and skeletal muscles. Patients present in
infancy or childhood with hepatomegaly, hypoglycemia, short
stature, skeletal myopathy, and cardiomyopathy. Despite the
elevated liver transaminase levels, hepatomegaly in type III
GSD usually improves with age, unlike in type I GSD.Muscle
weakness, however, slowly progresses and becomes severe
after the third decade of life. Like type I GSD, polycystic

ovarian syndrome is also common in female patients, without
decrease in fertility [2••].

The dietary modification required for type III GSD is less
rigorous than that for type I GSD. Fructose and galactose do
not need to be restricted. There is no definitive treatment for
progressive myopathy, other than a high-protein diet that can
prevent hypoglycemia and endogenous protein breakdown.
Liver transplant is again a potential treatment, but mostly re-
served for patients with end-stage cirrhosis and/or hepatic car-
cinoma [2••].

Type IV GSD, or Anderson disease, results in delayed
growth, and hepatomegaly that may progress to liver failure
and may affect muscles and the heart late in the disease.

Type V GSD, or McArdle disease, is an autosomal reces-
sive disorder caused by the deficiency of muscle phosphory-
lase that normally cleaves glucose from straight chain of gly-
cogen. This leads to accumulation of glycogen in muscle,
manifesting as exercise intolerance with muscle cramps and
pain starting in late childhood or as an adult. Patients are prone
to rhabdomyolysis after exercise of high intensity or long du-
ration. Patients usually do not require treatment other than
avoiding strenuous exercise. Glucose intake or glucagon in-
jection prior to exercise can improve exercise tolerance, as
well as high-protein diet and creatine supplement [2••].

Table 2 provides a summary of the aforementioned GSDs
including affected organs, clinical features, treatment, and an-
esthetic modifications.

Perioperative Anesthesia Considerations

Type I GSD Anesthetic considerations for type I GSD, or Von
Gierke disease, include the risks of hypoglycemia, lactic aci-
dosis, and platelet dysfunction.

Fasting should be minimized. Enteral feeds should be
discontinued prior to surgery and transitioned to intravenous
glucose solution to maintain normoglycemia. In a case report
where attempts at peripheral intravenous cannulation failed
and central venous access could not be obtained awake, and
patient was acutely hypoglycemic, sublingual 40% dextrose
gel and subcutaneous 10% dextrose infusion had been given
successfully before induction of anesthesia [7]. Intraosseous
access can also be considered in life-threatening hypoglyce-
mia [7].

Glucose level should be monitored intraoperatively via ar-
terial line blood sampling or intravenous blood sampling [8].
Glucose levels should be maintained in the normal range
throughout surgery by titrating the rate of infusion of 10%
dextrose [2••]. Post-operatively, the dextrose infusion should
be continued until the patient is fully conscious and tolerating
the preoperative enteral feeding regimen [9].

Bispectral index (BIS) can be helpful in monitoring depth
of anesthesia, but in patients of GSD, a decrease in BIS might
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reflect hypoglycemia that is indistinguishable from increased
depth of general anesthesia [10].

Lactate containing fluid should be avoided because lactate
cannot be completely converted to glycogen, and lactic acido-
sis can develop. Lactated Ringer’s solution should be avoided.
Blood pH and base deficit should bemonitored intraoperative-
ly. If metabolic acidosis occurs, sodium bicarbonate should be
administered according to the base deficit. Tracheal intubation
and mechanical ventilation are preferred to avoid respiratory
acidosis, but hyperventilation should also be avoided because
respiratory alkalosis can lead to release of lactate from muscle
tissue and exacerbate lactic acidosis [8].

Platelet dysfunction is a concern, and prolonged bleeding
times can be normalized by normalizing glucose level preop-
eratively [8]. Use of 1-deamino-8-D-arginine vasopressin
(DDAVP) can reduce bleeding complications [6].

Type II GSD
Infantile type II GSD, or Pompe disease, is usually fatal by

1 year of age without treatment. Now with enzyme replace-
ment therapy, patients with Pompe disease are living longer
and presenting in increasing numbers for central line place-
ment for enzyme replacement therapy infusion, percutaneous
gastrostomy for swallowing dysfunction, or other unrelated
surgeries.

Preoperative cardiac assessment including EKG and echo-
cardiography is important for Pompe disease, where hypertro-
phic cardiomyopathy may cause significant left ventricular
outflow tract obstruction and glycogen deposit can disrupt
conduction pathways and cause arrhythmia [6, 11]. There ap-
pears to be an association between LVmass and mortality risk
[11]. In the preoperative echocardiogram, a normal ejection

fraction can be misleading, and indices of 2D LV mass and
ventricular cavity volume are more helpful for the severity of
cardiac hypertrophy [12]. Any elective surgery should be de-
layed until enzyme replacement therapy is initiated to reduce
LV mass and arrhythmia risk [11]. For urgent surgeries, peri-
operative hydration to increase preload and ventricular filling
can decrease the risk of LVOT obstruction [11, 12].

Blood pressure should be measured continuously with pre-
induction arterial line if possible. STsegments should be mon-
itored with 5 lead EKG to diagnose myocardial ischemia [11,
12]. Defibrillator and resuscitation medications should be in
the OR and readily available [11]. Decreased coronary perfu-
sion and arrhythmia leading to cardiac arrest after induction of
general anesthesia have been reported and associated with the
use of induction agents with vasodilatory properties such as
propofol and high concentration of sevoflurane in patients
with infantile Pompe disease [11, 12]. Use of ketamine,
supplementing with phenylephrine or esmolol to counteract
tachycardia, can better support coronary perfusion pressure
and avoid decreasing diastolic blood pressure [11].
Etomidate may also be an acceptable induction agent [12].

Other anesthetic considerations include diaphragmatic
weakness, an important feature of untreated Pompe disease
[13]. Preoperative assessment may reveal pulmonary function
test with reduced lung volume and more than 20% difference
between sitting and supine positions, or the need for nocturnal
ventilation therapy [13]. Regional anesthesia with sedation
should be considered to avoid intubation and prolonged me-
chanical ventilation [12]. Patients with GSD type II may be
more sensitive to nondepolarizing neuromuscular blockade
because of their baseline myopathy, and succinylcholine

Table 2 Glycogen storage disease subtypes, presentations, and treatment [4, 6, 7]

Disease Organ
affected

Clinical features Treatment Comments Anesthetic modifications

Type I (von Gierke) Liver, Renal Hypoglycemia, lactic acidosis,
ketosis, hepatomegaly,
hypertriglyceridemia,
hyperuricemia, gout, short
stature, platelet dysfunction

Uncooked cornstarch;
avoid fructose,
galactose, sucrose

Good prognosis
with supportive
treatment. Early
onset

Minimize fasting, IV dextrose
solution, avoid IV lactate,
glucose and pH monitoring

Type II (Pompe) Cardiac, liver,
muscle

Hypotonia, hypertrophic
cardiomyopathy,
cardiorespiratory failure,
hepatomegaly

Enzyme replacement
therapy

Death by age 2 in
infantile form

Avoid propofol and high
sevoflurane, use ketamine
or etomidate, no
succinylcholine. Maintain
BP and preload

Type III (Cori or
Forbes)

Liver, muscle Hypoglycemia, ketonuria,
hepatomegaly, muscle
fatigue, transaminitis,
hyperlipidemia

High-protein diet, liver
transplant

Good prognosis.
Intermediate
severity of
hypoglycemia.
Early childhood

Limit fasting, IV dextrose
solution, glucose
monitoring, preop echo, no
succinylcholine

Type V (McArdle) Muscle Exercise intolerance,
fatigability

Avoid strenuous exercise Good prognosis.
Male
predominance.
Most common in
adults

MH precaution,
rhabdomyolysis, acute
renal failure, avoid
tourniquet, avoid shivering
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should be avoided due to the risk of hyperkalemia and rhab-
domyolysis [12, 13]. Lastly, macroglossia can cause difficult
ventilation and intubation [6]. In the presence of hypotonia,
awake fiberoptic intubation may be feasible [14].

Type III GSD
The anesthetic considerations for type III GSD, or

Cori/Forbes disease, are related to the features of skeletal
and cardiac myopathy, hepatomegaly and liver dysfunction,
macroglossia, and hypoglycemia.

Preoperative assessment should include EKG and echocar-
diography. There is variable cardiac muscle involvement, and
although most patients are initially asymptomatic until the
third or fourth decade of life, many have thickened interven-
tricular septum, systolic anterior motion of the mitral valve,
and dilatation of the left ventricle and left atrium on echocar-
diogram early on [15, 16]. Cases of sudden death, ventricular
tachycardia, ventricular fibrillation secondary to premature
coronary artery disease, and congestive heart failure have been
reported [17–20].

Macroglossia is a challenge to airway management and can
cause significant obstruction to ventilation and to laryngosco-
py [21]. In addition, hepatomegaly may impede optimal dia-
phragm excursion and increased intraabdominal pressure.
Reverse Trendelenburg position may help improve ventilation
and decrease risk of aspiration [21].

Preoperative laboratory testing for liver function and
coagulation panel can provide insight into the degree of
liver dysfunction, which can have implication on the du-
ration and action of medications and selection of anes-
thetics. Neuromuscular blocker should be carefully select-
ed due to the underlying hypotonia in patients with GSD.
Succinylcholine should be avoided due to the risk of rhab-
domyolysis and hyperkalemia. Nondepolarizing neuro-
muscular blocking drugs may have prolonged durations
of action; short- or intermediate-acting agents should be
considered and the dosing interval adjusted accordingly
[21].

Lastly, hypoglycemia should be carefully managed,
limiting preoperative fasting and starting intravenous dex-
trose infusion preoperatively if necessary [21]. Blood glu-
cose level should be monitored intraoperatively. Intra-
arterial cannulation has been recommended not only for
intraoperative glucose monitoring but also to avoid mus-
cle cramping induced by repeated cuff pressure measure-
ment [22].

Type V GSD Type V GSD, orMcArdle disease, involves main-
ly skeletal muscles. Anesthetic considerations include rhabdo-
myolysis, and renal injuries secondary to myoglobinuria.
Patients are prone to muscle ischemia secondary to tourniquet
use, poor position, or shivering, and acute renal failure has
been reported secondary to myoglobinuria after strenuous ex-
ercises [23]. Therefore, optimizing positioning, minimizing

tourniquet use, and maintaining normothermia are important
[24, 25]. Forced diuresis can be used to prevent renal failure in
patients with myoglobinuria and high creatinine kinase [26].
Glucose infusion perioperatively can ensure availability of
energy substrate and possibly prevent muscle injuries and
weakness [25, 26].

Disorders of amino acid metabolism

Homocysteinemia

Pathophysiology

Homocysteine is an intermediary amino acid formed by
the conversion of methionine to cysteine. In this pathway,
conversion from homocysteine to methionine and back to
cysteine requires several enzymes. Homocysteine is meth-
ylated to form methionine through a folate-dependent
pathway and B12-dependent methionine synthase en-
zyme. On the other hand, methionine can be converted
to cystathionine through a B6-dependent cystathionine-
beta synthase (CBS) enzyme. At each of these levels,
homocysteine can accumulate if either a vitamin or an
enzyme function is decreased (Fig. 1).

Presentation

In its most extreme form, homocysteinuria is a rare autosomal
recessive disorder marked by CBS deficiency which causes
impaired synthesis of cystathionine, decreased cysteine, and
increased methionine and homocysteine. This can manifest as
developmental delay, marfanoid appearance, ocular
malformations, and osteoporosis. The decrease in cysteine
leads to weakened collagen in connective tissue, while elevat-
ed homocysteine can lead to oxidative radicals and platelet
aggregation causing vascular malformations and severe pre-
mature atherosclerosis and evidence of thromboembolic dis-
ease [28–30].

Normal blood levels of homocysteine are 5–15 μmol/L
with moderate levels 15–30 μmol/L, intermediate 30–100
μmol/L, and severe > 100 μmol/L) [31]. Increased homo-
cysteine results from genetic factors like that of methylene
tetrahydrofolate reductase (MTHFR), vitamin deficiencies
like folate and vitamin B6 or B12 [32, 33], chronic kidney
disease (CKD), and medications like that of fibrates used
for hypercholesterolemia, methotrexate, and metformin.
Clinical significance of increased homocysteinemia in re-
sponse to medications has not been proven [34, 35].

Mi ld to modera te increases in homocys te ine
(hyperhomocysteinemia) occur in 5–7% of the population
[36] and has been associated with increased risk for ath-
erosclerotic vascular disease in adults.
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Treatment

Unless a patient has homocysteinuria (diagnosed or highly
suspicious), studies have suggested to not test or treat hyper-
homocysteinemia. Decreasing levels of homocysteine with
vitamin supplementation does not reduce cardiovascular dis-
ease or the recurrence of VTE [37–40].

Perioperative Anesthetic Considerations

Due to risk of thromboembolism, administration of
antiplatelets and anticoagulants, like that of baby aspirin,
dipyridamole, and heparin/LMWH, is recommended. Any
drugs that increase a patient’s coagulable state (e.g., oral con-
traceptives) should be stopped [41–43].

In the intraoperative period, avoid hypovolemia, maintain
cardiac output, apply venodynes to prevent peripheral stagna-
tion of blood, monitor glucose for hypoglycemia, and reduce
peripheral vascular resistance. Postoperatively, early ambula-
tion is encouraged, as well as close monitoring of basic labs.

Use of nitrous oxide as an anesthetic for patients with hy-
perhomocysteinemia is discouraged. Nitrous oxide blocks the
conversion of homocysteine to methionine increasing levels
of homocysteine. Badner et al. [44] found an increased asso-
ciation with nitrous oxide use intraoperatively, increased ho-
mocysteine levels, and subsequently greater incidence/
duration of myocardial ischemia in patients undergoing a ca-
rotid endarterectomies.

In instances of increased methionine, hypoglycemia
can result in increased release of insulin. Avoidance of
this can be prevented by perioperative bolus of dextrose
containing fluids or effectively decreasing the fasting in-
terval [45].

Phenylketonuria

Pathophysiology

Phenylketonuria (PKU) is a rare metabolic disorder (affecting
1 in 15,000 infants in the USA) [46]. This disease results from
a deficiency of the liver enzyme phenylalanine hydroxylase
(PAH). In newborn screening, tandem-mass spectrometry is
often employed to measure phenylalanine (Phe) and other
amino acids including tyrosine and acylcarnitine ester with a
high concentration of Phe together with low to low-normal
tyrosine concentration conferring a diagnosis of PKU.

Presentation

Elevated levels of amino acid Phe throughout the body leads
to a variety of symptoms listed below:

1. Mental retardation
2. Microcephaly
3. Severe vomiting, mimicking infantile pyloric stenosis
4. Seizures
5. Delayed speech
6. Behavioral abnormalities
7. Eczema
8. “Mousy” odor due to the increased concentration of

phenylacetic acid

Hyperphenylalaninemia (HPA) due to PKU tends to have a
complete or significant deficiency of enzyme activity with
blood Phe reaching levels of > 20 mg/dL.

As with most genetic disorders, PKU shows a vast genetic
and clinical variability with > 400 identified mutations at the
PAH gene (chromosome 12q24.1). Genetic factors can play a

Fig. 1 Biochemical pathway of
the creation of homocysteine and
specific enzymes/vitamins
necessary for conversion to
methionine vs. cystathionine [27]
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role in clinical variability, but environmental and lifestyle fac-
tors can also result in significant variation.

Treatment

The mainstay of treatment for PKU is dietary restriction of
Phe. Other pharmacological treatments for PKU include:

1. Cofactor for PAH (tetrahydrobiopterin (BH4)/sapropterin
(synthetic BH4)).

2. Pegylated phenylalanine ammonia lyase (PEG-PAL), an
enzyme that degrades phenylalanine.

3. Long-chain polyunsaturated fatty acids—low blood con-
centrations of long-chain polyunsaturated fatty acids
(LCPUFAs) and docosahexanoic acid (DHA) can result
from a Phe-restricted diet thus altering neurodevelopment
[47].

4. LNAA compete with phenylalanine for the same amino
transporter at the blood-brain barrier; thus, addition of
these amino acids can reduce the amount of Phe in the
brain [48].

Perioperative Anesthetic Considerations

There have been very few case reports that demonstrate anes-
thetic management for patients with PKU [49–51]. Overall
general guidelines for anesthetic considerations in patients
with PKU include:

1. Oral intake should not be stopped for an extended period
preoperatively causing a catabolic state leading to in-
creased serum Phe levels.

2. Due to a possibility of post op paraparesis in vitamin
B12–deficient individuals with PKU, it is recommended
that nitrous oxide, which inactivates B12-dependent me-
thionine synthase, be used with extreme caution in this
specific patient population [49].

3. Intravenous access, application of the face mask and pas-
sage of the tracheal tube should be done carefully given
increased risk of skin sensitivity and eczema.

4. Phe levels do not change significantly in minor surgeries,
although if the patient requires major or emergency sur-
gery, intravenous dextrose should be given before and
after surgery to avoid a catabolic state.

Propofol and PKU

Propofol uncouples oxidative phosphorylation and inhibits
mitochondrial complex I—the main mechanism of propofol
infusion syndrome (PRIS) [52]. In vitro, HPA can inhibit the
activity of mitochondrial complex I as well by competing with

nicotinamide adenine dinucleotide phosphate [53]. Combined
inhibition of the mitochondrial respiratory chain can manifest
as hyperthermia and acidosis.

Disorders of Branched-Chain Amino Acid
Metabolism

Maple Syrup Urine Disease

Maple syrup urine disease (MSUD) is an inherited autosomal
recessive metabolic disorder resulting from reduced capacity
for oxidative decarboxylation of the branched-chain amino
acids (BCAA): leucine, isoleucine, and valine [54]. Errors in
the metabolism of these specific amino acids can lead to
ketoacidosis and neurotoxicity. This disorder occurs in
1:120,000 to 1:150,000 live births and is thought to be more
common among children from consanguineous relationships
[55, 56]. The severity of the presentation is linked to the
amount of enzymatic activity of the branched-chain ketoacid
decarboxylase.

Presentation

There are five clinical variants of MSUD. Classic MSUD is
the most common and most severe variant of the disease,
tending to present at 4–7 days after birth with lethargy, meta-
bolic ketoacidosis, hypotonia, or hypertonia. These symptoms
can progress to seizures, coma, and ultimately death if left
untreated. Patients with the classic form of the disease require
early intervention in order to prevent developmental delay and
acute neurological decompensation [56, 57]. Intermittent
MSUD, the second most common variant however, has a
markedly different clinical presentation from the classic form
of the disease. These patients may have normal levels of
BCAA except during periods of catabolic stress, such as sur-
gery, exercise, fasting, or acute illness. At these times, patients
are at risk for ketoacidosis and neurotoxicity. In the intermit-
tent form of MSUD, symptoms may present between 5
months and 2 years of age.

Intermediate MSUD (not to be confused with Intermittent
MSUD) can present at any age with variations in the amount
of neurological impairment and developmental delay. These
patients are also at risk for decompensation related to acute
stress or high protein consumption. Thiamine-responsive
MSUD is a milder form of the disease whereby patients have
reduced levels of hyperaminoacidemia when given supple-
mental thiamine, a cofactor of the branched-chain amino acid
dehydrogenase complex. These patients still require reduc-
tions in their intake of BCAA for adequate metabolic control.
Finally, E3-deficient MSUD is a very rare form of the disease
with only a handful of cases reported. The patients with this
variant tend to present as neonates and have additional lactic
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acidosis as well as accumulation of pyruvate and alpha-
ketoglutarate [56].

Treatment

The treatment of MSUD is twofold: first, the acute metabolic
and neurologic derangements must be managed, and, second,
the patients must adhere to a lifelong low-protein diet limiting
BCAA intake. In the acute setting, peritoneal dialysis has been
reported to successfully reduce BCAA levels in neonates.
Long-term management is most often accomplished with the
use of MSUD-specific medical foods in combination with
ordinary low-protein foods [56]. Rapid diagnosis of the classic
form in combination combined with close monitoring and
strict adherence to the specific dietary restrictions may actual-
ly allow a child to have relatively normal growth and devel-
opment [57]. Decompensation can occur in the setting of acute
illness, fasting, exercise, or other catabolic states. Patients may
have non-specific gastrointestinal or neurologic symptoms. If
not treated, they may progress to severe ketoacidosis, hypo-
glycemia, and death secondary to cerebral edema with
herniation.

Perioperative Anesthetic Considerations

It is prudent for even minor surgical procedures to take place
in a facility capable of overnight monitoring and preferably in
a center with expertise in the management of MSUD.
Wherever possible, these patients should be scheduled as the
first case of the day to minimize fasting time. Dextrose con-
taining fluids should be initiated at the start of the fasting
period to minimize protein catabolism. The dextrose infusion
should be continued until the patient is able to resume his or
her normal diet post operatively. Baseline blood gases are
suggested and dehydration and acidosis should be treated pre-
operatively with IV fluids provided that the surgery is not
emergent and/or life-threatening [56].

The goal for fluid management is normovolemia as
overhydration risks perioperative cerebral edema [58]. Of
note, hypertonic glucose solutions may also represent an ad-
ditional stress factor by increasing a patient’s O2 consumption,
CO2 production, and noradrenaline excretion. In light of this,
some sources suggest an infusion of fat emulsion, which al-
lows for continued caloric intake while minimizing
overhydration, hemodilution, and glucose loading [55].
Regardless of the choice for fluid management and caloric
supplementation, intraoperative management should allow
for the monitoring of glucose levels and pH, particularly in
prolonged or high-risk surgeries. This can be accomplished
with invasive vascular access such as an arterial line or central
venous line.

Both general and regional anesthetics have been reported
as safe in patients with MSUD. Adequate pain management is

essential to minimize post-operative stress on the patient; re-
gional anesthetic techniques should therefore be considered
part of a multi-modal approach.

Finally, for patients undergoing procedures where this is a
risk that blood may accumulate in the stomach, a nasogastric
tube should be placed in the operating room. Blood in the
gastrointestinal tract is in fact a large protein load and may
precipitate an acute perioperative metabolic decompensation
[56].

Organic Acidemias

Pathophysiology

Organic acidemias are a group of autosomal recessive inborn
errors of metabolism that result in increased amounts of or-
ganic acids in urine. They include propionic acidemia (PA),
methylmalonic acidemia (MMA), isovaleric acidemia, and
glutaric aciduria and others. PA andMMA are two of the more
commonly seen organic acidemias and thus are discussed here
[59].

Both PA and MMA result from defects in the metabolic
pathway of specific amino acids (isoleucine, valine, methio-
nine, threonine), odd-chain fatty acids, and cholesterol side
chains. Propionic acid is also produced by the gastrointestinal
flora and contributes to the organic acid load in these
disorders.

Defects in propionyl-CoA carboxylase leads to accumula-
tion of propionic acids. In MMA, genetic defects in
methylmalonyl-CoA mutase or in its cofactor cobalamin pro-
duces excess methylmalonic acid and propionic acid.
Additionally, cobalamin deficiency by diet or by decreased
gastrointestinal absorption can cause MMA (Fig. 2).

Presentation

Patients with PA or MMA have recurrent episodes of se-
vere metabolic acidosis often precipitated by an illness or
excessive protein intake. Signs and symptoms are non-
specific and affect multiple organ systems including gas-
trointestinal, neurologic, and hematologic. Neonates gen-
erally present within the first few weeks after birth with
lethargy, poor muscle tone, poor feeding, and vomiting. If
not diagnosed in the neonatal period, patients later in life
may show failure to thrive, vomiting, GERD, seizures,
developmental delay, and encephalopathy. In propionic
acidemia, cardiac involvement is more common including
cardiomyopathy and prolonged QTc. Patients with
methylmalonic acidemia are more likely to develop renal
impairment [60•].

PA and MMA are both diagnosed by the presence of the
respective organic acids in urine. In addition to metabolic
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acidosis, labs usually will show hyperammonemia, hypogly-
cemia, and lactic acidosis. Cytopenia may also be present.

Treatment

Long-term management of PA and MMA consists of a
low-protein diet with supplementation of non-triggering
amino acids, L-carnitine, and bicarbonate. For MMA pa-
tient, vitamin B12 supplementation is also warranted. For
acute episodes of metabolic decompensation, management
involves identifying and treating the underlying illness or
stressor. Other supportive measures include protein re-
striction, administration of dextrose-containing fluids,
and continuation of carnitine, bicarbonate, and cobalamin.
If severely ill with severe metabolic derangements, the
patient may need hemodialysis [61].

Perioperative Anesthesia Considerations

Patients with organic acidemias requiring anesthesia pres-
ent with various challenges and the overall goal of the
anesthesiologist is to avoid or minimize factors that may
trigger a metabolic crisis (Table 3). Prolonged periods of
fasting may lead to the catabolism of protein and fatty
acids. Therefore, NPO time should be minimized and

dextrose-containing intravenous fluids should be adminis-
tered during the fasting period. Preoperative evaluation
should assess acid-base balance, nutritional status, muscle
tone, mental status, and GI function, and labs should in-
clude ammonia, glucose, pH, CBC, and electrolytes. Pre-
operative medications may include L-carnitine, metronida-
zole, and bicarbonate. L-Carnitine acts as an antioxidant
and helps with renal excretion of organic acids. IV or PO
metronidazole decreases the production of organic acids
from the GI flora. Bicarbonate helps to treat the acidosis
that may result from fasting. Vitamin B12, the cofactor of
MM-coA mutase, can be administered to MMA patients.
Preoperative admittance to the hospital may be considered
to help with the implementation of these management
strategies as well as to monitor the patient for metabolic
crises.

Intraoperatively, care should be taken to avoid hypoxia,
hypoglycemia, and hypovolemia and maintain normothermia
and hemodynamic stability. Minimizing the stress response to
the surgery is important to decrease catabolism. Patients with
MMA or PA may have GERD or a high risk of vomiting, so
RSI can be considered. For patients with or at risk for bleeding
in the GI tract or oropharynx, management may include a
nasogastric tube or throat packing to minimize the intestinal
absorption of heme proteins [62, 63].

Amino acids

Isoleucine

Valine

Threonine

Propionyl-CoA

Methylmalonyl-CoA

Succinyl-CoA

TCA cycle

GI bacterial 
fermentation

Odd-chain fatty acids

Cholesterol side chains

A: propionyl-CoA carboxylase

B: methylmalonyl-CoA mutase/

vitamin B12

Fig. 2 Metabolic pathway. Defect
in A causes PA. Defect in B
causes MMA
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For longer or more complicated procedures, frequent
labs should be drawn to monitor acid-base balance, glu-
cose, and ammonia. Additionally, continuation of
dextrose-containing fluid, L-carnitine, and metronidazole
should be considered.

Certain anesthetic medications should be avoided or used
with caution. These include muscle relaxants that are metab-
olized by ester hydrolysis into odd-chain organic acids.
Examples include succinylcholine, cisatracurium and
mivacurium. Analgesics derived from propionic acid such as
ibuprofen and naproxen should be avoided in patients with PA
andMMA. Ketorolac does not present the same risk since it is
derived from acetic acid. Nitrous oxide should not be used in
MMA patients since it inhibits cobalamin enzymes. While
there are no contraindications to opioids or volatile anes-
thetics, they should be used with caution in patients with hy-
potonia and at higher risk of respiratory depression.

Many recommend avoiding propofol because it contains
polyunsaturated lipids that are metabolized to propionic acid
[64–68]. In a review of 14 cases of patients with MMA un-
dergoing liver transplantation, propofol was used for induc-
tion and maintenance of the first 7 of 14 patients. After the
seventh patient, propofol was no longer used out of concern
that it contributed to metabolic decompensation although the
first five patients had no evidence of decompensation [69]. On
the other hand, in a review of 28 patients with MMA under-
going 39 procedures, propofol infusions were used for main-
tenance in all 39 procedures and propofol was used for induc-
tion 36 of 39 procedures. Two cases experienced adverse
events that were likely unrelated to the propofol. All these

cases were brief, simple procedures/investigations including
MRIs, exams under anesthesia, lumbar punctures, and central
line removals [70]. Therefore, the administration of propofol
in children with MMA or PA may be tolerated but should be
used with great caution especially in prolonged cases or more
traumatic surgeries.

Lactated Ringer’s is generally not recommended for use in
patients with organic acidemias. In a retrospective review, 11
patients with organic acidemias underwent 19 total proce-
dures, 9 of whom hadMMAor PA and underwent 11 different
procedures. These 9 received LR. One patient who had a pos-
terior fusion developed transient mild metabolic acidosis post-
operatively, which the authors attributed to massive blood loss
and the duration of the surgery. Otherwise, the remaining pa-
tients did well intraoperatively and postoperatively [71]. In
fact, many of the patients also received other medications such
as propofol, atracurium, or nitrous oxide, which suggests that
LR and other offending agents may be used in organic
acidemia patients, albeit judiciously, and in well-
compensated patients.

Regional anesthesia is an alternative to general anesthesia
that would potentially allow the anesthesiologist to minimize
the use of the aforementioned medications. However, its use
for patients with MMA or PA has not been extensively report-
ed. We found only one report of a lower extremity nerve block
in an adult patient with PA who underwent foot surgery with
dexmedetomidine sedation. Regional anesthesia in patients
with organic acidemias do present potential concerns. First,
patients with organic acidemia may be at greater risk for local
anesthetic systemic toxicity (LAST) [72]. Second, if a patient
with organic acidemia develops LAST, the effectiveness of
intralipid for rescue is unclear. Nevertheless, the patient in this
case did not have any perioperative issues, and also previously
had an uneventful dental procedure under local anesthesia
[73].

Mitochondrial Disorders

Pathophysiology

Mitochondrial disorders encompass a wide variety of
pathological states resulting from impaired cellular metab-
olism. Within the mitochondrial organelle, the process of
oxidative phosphorylation occurs along the mitochondrial
respiratory chain (MRC) (complexes I–V) and is respon-
sible for generating energy in the form of adenosine tri-
phosphate (ATP). This is accomplished through the oxi-
dation of acetyl coenzyme A (acetyl Co-A) derived from
carbohydrates, fatty acids, and amino acids in the citric
acid cycle [74]. Thus, high-energy dependent tissues, such
as the central nervous system, the heart, the liver, the
kidney, the gastrointestinal tract, and the muscular system,

Table 3 Perioperative anesthetic management of PA and MMA

PREOP INTRAOP POSTOP

• Consider hospital
admission

• Evaluate: nutritional
status, neurologic
status, muscle tone,
GI function, renal
status, CV status

• D10 fluids while
NPO

• Labs: glucose,
ammonia, pH, CBC,
electrolytes

• L-Carnitine
• Metronidazole
• Bicarbonate
• Vitamin B12 for

MMA

• Consider RSI
• Avoid/caution:

propofol, LR fluid,
certain NMBs, N2O
for MMA

• Maintain
hemodynamic
stability,
normothermia

• Consider regional
anesthesia

• D10 fluids
• Labs: glucose,

ammonia, acid-base,
electrolytes

• L-Carnitine
• Metronidazole
• Bicarbonate

• Monitor for
respiratory
depression, airway
obstruction,
metabolic crises

• Prevent PONV
• Adequate pain

control
• Avoid ibuprofen,

naproxen, LR
• Restart low-protein

diet ASAP
• D10 fluids while

NPO
• Labs: glucose,

ammonia, pH,
electrolytes

• L-Carnitine
• Metronidazole
• Bicarbonate
• Vitamin B12 for

MMA
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suffer the brunt of MRC defects [74, 75••, 76]. There are
13 protein subunits in the MRC and there are approxi-
mately 1000 nuclear proteins important to mitochondrial
structure and function encoded within the nuclear DNA
[74, 77•]. Genetic defects in any of these cellular compo-
nents may contribute to pathology or may be lethal before
birth.

Fatty acid metabolism is another essential function of the
mitochondria, and derangements in fatty acid metabolic path-
ways represent a major category of mitochondrial disorders
aside from those arising within the respiratory chain.
Acylcarnitine transferase is responsible for transport of fatty
acids into the mitochondrial matrix. Acylcarnitine undergoes
beta-oxidation to generate acetyl-CoA and donate electrons to
electron-transferring flavoprotein; both processes contribute
to energy production by the MRC [77•]. Inborn errors in the
cellular machinery necessary for fatty acid transport and beta-
oxidation carry distinct clinical significance for anesthetic
planning.

Presentation

Patients with mitochondrial disorders are typically diag-
nosed in infancy or early childhood and may present with
muscle weakness or dystonia from myopathy, poor respi-
ratory function, cardiomyopathy, conduction defects pre-
disposing to arrhythmias, metabolic disturbances, enceph-
alopathy, seizure disorder, renal insufficiency, and gastro-
intestinal dysfunction [74, 75••, 77•]. A careful history
and physical and knowledge of the specific defect are
important to ascertain which organ systems are compro-
mised by a patient’s specific disorder. Disorders related to
defects in mitochondrial DNA are maternally inherited
and show heteroplasmy—clinical manifestations are high-
ly variable [74]. Conversely, disorders related to defects
in nuclear DNA are inherited in a Mendelian pattern.
Common procedures for patients with mitochondrial dis-
orders include pacemaker implantation, cataract extrac-
tion, insertion of cochlear implant, muscle and skin biop-
sies, orthopedic surgery, and abdominal surgery.

Treatment

While the treatment paradigms of mitochondrial disorders
are beyond the scope of this review, certain aspects of
treatment may impact anesthetic considerations. For ex-
ample, while benzodiazepines are used sparingly for an-
esthesia when there is concern for respiratory failure or
liver dysfunction, patients with epilepsy may already be
taking benzodiazepines to prevent seizure activity.
Patients with epilepsy may also be restricted to ketogenic
diets to prevent seizures, and if so, should not receive
intravenous fluids containing glucose [77•]. A careful

preoperative review of the patient’s medications and cur-
rent treatment plan is prudent prior to administering any
anesthetic, and a discussion with other providers involved
in the patient’s care is encouraged.

Perioperative Anesthesia Considerations

Pre-anesthetic laboratory testing should include glucose
and lactate levels, electrolytes, liver enzymes, creatine ki-
nase, complete blood count, and coagulation studies. A
12-lead electrocardiogram should be performed to diag-
nose conduction abnormalities. Lung function assessment
with spirometry or blood gas analysis should be consid-
ered. The assessment of the degree of muscle weakness
and neurological impairment, including an assessment of
dysphagia, should be made. Preoperative fasting should
be minimized to prevent hypoglycemia and use of
glucose-containing maintenance fluids intraoperatively
may be advantageous [76, 77•].

General anesthesia is heavily favored, as intravenous
sedation carries undue risk for many patients with mito-
chondrial disorders. Of note, nearly all general anesthetics
(volatile and parenteral) depress mitochondrial function.
Some patients, particularly those with complex I defects,
may display hypersensitivity to volatile anesthetics such
as sevoflurane [78]. However, carefully titrated volatile
anesthetics have been well tolerated and used safely.
Propofol specifically affects the MRC at multiple sites
and by multiple mechanisms and inhibits acylcarnitine
transferase—these properties are implicated in the patho-
physiology of propofol infusion syndrome [79]. Small bo-
luses of propofol are considered acceptable, but continu-
ous infusions of propofol should be avoided. Limited data
exist for use of ketamine, etomidate, and barbiturates, but
have reportedly been used successfully. Opioid-sparing
t echn iques a re f avo red wi th r emi fen t an i l and
d e x m e d e t o m i d i n e , a l t h o u g h c l e a r a n c e o f
dexmedetomidine may be prolonged [75••]. While region-
al anesthesia is not contraindicated, bupivacaine specifi-
cally carries an increased risk of cardiac toxicity and ven-
tricular arrhythmia due to its effects on acylcarnitine
transferase and should be avoided [80]. Depolarizing neu-
romuscular blockade with succinylcholine is contraindi-
cated given the risk of developing fatal hyperkalemia
[75••]. Intravenous fluids containing lactate should be
avoided in patients with difficulty metabolizing lactate,
as it may lead to acidosis [81]. Finally, all attempts should
be made to maintain normothermia, minimize tourniquet
use, ensure adequate analgesia, and prevent postoperative
nausea and vomiting, such that further metabolic and car-
diorespiratory derangements are avoided to the greatest
degree possible [75••, 77•]. Procedures for patients with
mitochondrial disorders should be undertaken in facilities
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with appropriate specialty care resources available, such
as trained pediatric intensivists, as careful monitoring in
the postoperative setting is essential and advanced care
may be necessary.

Lysosomal Storage Disorders

Pathophysiology

The lysosome is the chief organelle responsible for recycling
p ro t e i n s and po ly sa ccha r i d e s w i t h i n t he ce l l .
Mucopolysaccharidoses (MPS) comprise a group of genetic
lysosomal storage disorders (LSDs) characterized by com-
plete or partial deficiency of lysosomal enzymes necessary
for the metabolism of glycosaminoglycans (GAGs). The in-
tracellular buildup of these GAGs can result in cellular and
tissue dysfunction and death, manifesting as various clinical
abnormalities. LSD encompasses a group of 70 mostly auto-
somal recessive monogenic diseases of lysosomal function.

Presentation

The incidence of lysosomal disorders is approximately 1 in
8000 live births, but the incidence of each individual disease is
closer to 1 in 250,000 [82].The most common LSDs are Fabry
disease, Gaucher disease, metachromatic leukodystrophy, and
Pompe disease, although certain features are found across
each subtype. Hepatosplenomegaly, cognitive and behavioral
impairment, craniofacial abnormalities, cardiomegaly, bony
deformities, visual and auditory dysfunction, bleeding diathe-
ses, and immune dysfunction are common [83]. Diagnosis is
based on clinical symptoms and confirmatory genetic testing
and these are mostly pediatric diseases although some may
manifest in adulthood. While classic Fabry Disease will have
symptom onset between ages 4 and 8, cardiac disease may be
the presenting symptom in patients older than 40 years of age
[84].

Treatment

In the last two decades, significant improvements in the bio-
logical understanding and treatment of these disorders have
been made. There are now over 20 FDA approved medica-
tions to treat the lysosomal storage disorders [83]. Enzyme
replacement therapy is used to treat defective proteins and
prevent accumulation of enzyme substrate. Some diseases
are still treated with hematopoietic stem cell transplantation,
but in the future gene editing technology in the form of gene
replacement or antisense oligonucleotide therapies may be
approved [83]. Survival for these disorders has increased,
but these therapies do not prevent every sequela of the under-
lying disease. Orthopedic procedures, tracheostomy, and

valve replacement surgery are increasingly required as pa-
tients’ lives are extended. These patients may also present
for surgery unrelated to their underlying disorder. As more
patients with lysosomal storage disorders are surviving into
adulthood, the anesthesiologist will need to be familiar with
the comorbidities and perioperative considerations of caring
for these individuals.

Anesthesia Perioperative Considerations

Hypotonia, dystonia, neurocognitive decline, spasticity, and
resulting contractures are common findings in a variety of
LSDs. Gaucher disease, the most common LSD, may cause
epilepsy, spasticity, trismus, and difficulty swallowing [83].
While airway obstruction is a common reason to reintubate
the trachea in the postoperative period [85], the clinician
should also be vigilant in monitoring for hypoventilation and
respiratory muscle weakness. Approximately 30% of patients
with MPS have epilepsy [86]. Neuronal ceroid lipofuscinosis
types 1 and 2 are characterized by myoclonus, ataxia, and
epilepsy [83]. The preanesthetic evaluation should note that
anti-seizure medications were taken the day of surgery if ap-
propriate and what the plan will be for seizure prophylaxis.
Occasionally, seizures are the result of increased intracranial
pressure and ventriculomegaly, and careful attention should be
paid to ventilatory parameters and ETCO2 as well as medica-
tions that lower the seizure threshold. While many of these
disorders are now successfully treated with enzyme or sub-
strate replacement therapy, many of these medications do not
penetrate the blood–brain barrier [83]. A treated patient is not
necessarily at lower risk of seizures or hypotonia.

Careful preoperative evaluation should include evaluation
of the number of metabolic equivalents a patient can complete,
as well as any history of known cardiac disease, a physical
exam looking at signs of heart failure or heart sounds associ-
ated with valvulopathy, and a review of any cardiac testing the
patient has undergone. Cardiomegaly is relatively common
among patients with LSDs. In a series of 39 patients with
LSDs, only 31% had normal echocardiograms [87]. Valvular
diseases were the most common abnormalities in 59% of pa-
tients [87, 88]. As more patients are surviving into adulthood,
buildup of enzyme substrate in the heart can lead to
valvulopathies that require replacement [88] or perioperative
management. ECG findings are common in LSDs, but ven-
tricular dysrhythmias are rare. In one series, 29% of patients
had ECG abnormalities, but ventricular dysrhythmias were
not detected during the intraoperative period and no patient
had greater than second-degree heart block [86]. It should be
noted that palpitations in adults with Fabry disease are com-
mon and may be due to atrial fibrillation or flutter. Lipid stor-
age diseases such as Wolman disease may result in early ath-
erosclerosis and risk of ischemia [83]. ECG abnormalities and
exercise intolerance may require cardiology consultation for
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medical optimization of underlying cardiac disease prior to
elective procedures.

Macroglossia, coarse facial features, glycosaminogly-
can accumulation in the airway, obstructive sleep apnea,
atlanto-occipital instability, dysarthria, and resulting re-
current aspirations and pneumonias are commonly en-
countered in LSDs [83]. Joint dysfunction and neurolog-
ical impairment resulting in spasticity make positioning
an already-challenging airway more difficult, particularly
among patients with MPS [83]. A case series from the
Mayo Clinic of patients with MPS found that up to 14%
of patients were difficult to ventilate and 16.7% of pa-
tients were difficult to intubate [86]. In another series of
19 patients with MPS undergoing 136 anesthetics, 7% of
patients were difficult to ventilate and 25% were difficult
to intubate [89]. Direct laryngoscopy has proven difficulty
in several case reports, even requiring blind intubation
[82]. It was encouraging that 100% of laryngeal mask
airway attempts were successful in this series [89].
Sedation without an advanced airway may be an appro-
priate plan even among pediatric patients. One group
found that MRI studies could be safely performed with
sedation in patients with metachromatic leukodystrophy
[90]. A postoperative plan for airway management should
be discussed with the care team in the post anesthesia care
unit. The progression from difficult mask ventilation to
laryngeal mask airway placement to fiberoptic intubation
through an LMA was not uncommon in some series [86].
Stridor and obstruction can occur postoperatively, occa-
sionally requiring reintubation and or elective tracheosto-
my [86].

Restrictive physiology results from several processes in
LSDs. Dysphagia in Niemann-Pick disease causes silent
aspirations and chronic lung infections. Symptoms may
range from only mild dyspnea on exertion to interstitial
lung disease. Chest X-rays of consolidations and comput-
ed axial tomography demonstrating ground glass opaci-
ties, bronchiectasis, and thickened pleura are common in
Niemann-Pick patients [91]. Immune dysfunction in
Gaucher disease may result in infiltration of airspaces
and interstitial lung disease, but lung function is generally
preserved in these patients. Abdominal organomegaly re-
sult in reduced diaphragmatic excursion. Contractures and
spinal deformity in certain LSDs may decrease functional
residual capacity, tidal volumes, and total lung capacity.
Glycogen storage disease type II, or Pompe disease, can
cause diaphragmatic weakness [83]. In adults with Fabry
disease, mild to moderate obstruction has been demon-
strated on pulmonary function testing with decreased dif-
fusion capacity even in the absence of symptoms [91].
Occasionally, patients with severe cardiac disease or ath-
erosclerosis such as in Wolman disease may develop pul-
monary arterial hypertension [91]. It may be prudent to

avoid airway instrumentation and mechanical ventilation
in patients in which the success of extubation would be
questionable.

Patients with Fabry disease commonly present with pro-
teinuria and may later develop end-stage renal disease [92].
Cystinosis results in renal tubular Fanconi syndrome, charac-
terized by the excretion of water, phosphate, calcium, magne-
sium, and potassium [93–95]. A basic metabolic panel with
creatinine will reveal most renal dysfunction but urinalysis
may be needed to detect proteinuria associated with early kid-
ney disease. Bone weakness and pain are common due to
depletion of phosphates and altered vitamin D metabolism.
As a result, opioid analgesic requirements may be greater than
expected in a patient population already at risk of apnea, ob-
struction, and stridor. Despite skeletal abnormalities, neuraxial
anesthetics have been successfully used in a variety of LSD
subtypes [96, 97]. There is little literature on regional anes-
thetics in this patient population. AnMRI may be necessary to
rule out severe spinal stenosis or epidural abnormalities. Care
should be taken when moving and positioning patients with
skeletal deformities or contractures.

Hepatosplenomegaly is a common presenting feature of
many LSDs. Gaucher disease may present wi th
h ep a t o s p l enomega l y and pancy t op en i a s [ 83 ] .
Sphingomyelin accumulat ion in macrophages in
Niemann-Pick disease results in recurrent bacterial infec-
tions, and hepatosplenomegaly [83]. Lysosome-related or-
ganelles (LROs) include platelet delta granules, melano-
somes, and lytic granules in cytotoxic T cells, and their
dysfunction results in increased risk of bleeding,
hypopigmentation, and decreased cellular immunity, re-
spectively [98]. The LRO disorders, such as Hermansky-
Pudlak, Griscelli syndrome, and Chediak-Higashi disease,
are associated with easy bruising [98]. Complete blood
counts will identify cytopenias, but thromboelastography
may be necessary to determine bleeding risk in patients
with normal counts, normal coagulation factors, and a his-
t o r y o f e a s y b r u i s i n g . H e m o p h a g o c y t i c
lymphohistiocytosis, a life-threatening hyperinflammatory
state with pancytopenia, may occur in patients with
Griscelli or Hermansky-Pudlak syndrome [99]. Careful at-
tention should be paid to aseptic technique in this patient
population due to the increased risk of infections. Patients
with recurrent inflammation and infection have an in-
creased risk of restrictive lung physiology.

Metal Metabolism Disorders

Metals play critical roles in physiology and although numer-
ous rare metal metabolism disorders are now known, only
hemochromatosis and Wilson’s disease will be discussed
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Hemochromatosis

Pathophysiology

Iron is essential in heme proteins such as hemoglobin and
cytochromes, as well as iron-sulfur cluster proteins, and is
incorporated from dietary sources through a regulated multi-
step mechanism [100•].

Loss of hepcidin function disinhibits iron absorption,
resulting in the iron overload condition hemochromatosis,
typified by the classical triad of bronze skin, cirrhosis, and
diabetes. These manifestations are due to siderosis, or iron
accumulation in tissues. Iatrogenic hemochromatosis can oc-
cur from frequent transfusion, while four major types of he-
reditary hemochromatosis (HH) are recognized [100•].

Presentation

Type I HH is prevalent in non-Hispanic Whites, ranging
from 0.44 to 0.5% in the USA [100•]. Phenotypic pene-
trance varies by gender, with 28% of males and 1.2%
females homozygous for HFE C282Y manifesting HH
(women may be protected by menses). Alcohol consump-
tion, diabetes, and dietary heme intake (as opposed to
non-heme iron, from sources other than fish and meat)
are also recognized modifiers. Type I HH disease severity
ranges from mild to severe, with patients typically present
in their thirties or forties with non-specific symptoms of
arthralgia, malaise, and fatigue. They may present with
the classic triad of liver dysfunction, skin hyperpigmenta-
tion, and diabetes, but can also have endocrine abnormal-
i t i es (amenorrhea , impotence , hypothyro id ism,
hypogonadism, osteoporosis), or more rarely cardiac dis-
ease. HH predisposes to susceptibility to infection and
mortality [101]. Risk of chronic venous leg ulceration is
increased [102]. Endocrinopathy, hepatocellular carcino-
ma, and heart failure are typically complications of long-
term iron overload. Renal failure is extremely rare in HH,
but may be present independent of HH [103]. Diagnostic
laboratory studies for HH include increased plasma iron
and transferrin saturation. Ferritin will also be increased
in HH but is an acute phase reactant and can be confound-
ed by the presence of infection or chronic inflammatory
diseases. Furthermore, all serum iron studies can be con-
founded by renal failure. Genetic testing now allows di-
agnosis prior to development of symptoms. Biopsy can be
useful in evaluation of liver fibrosis and cirrhosis. Clinical
exam can reveal hepatomegaly before symptoms; signs in
symptomatic patients can include hepatomegaly, spleno-
megaly, stigmata of cirrhosis, joint swelling, dilated car-
diomyopathy, CHF, increased pigmentation, porphyria
cutanea tarda, testicular atrophy, and signs of hypothy-
roidism [104].

Treatment

Phlebotomy is the mainstay of HH type I maintenance thera-
py, and reverses chronic fatigue, cardiac dysfunction, and sta-
bilizes or improves hepatic function, though arthritic symp-
toms can worsen acutely [100•]. Ultimately, late-stage HH can
present as cirrhosis and hepatocellular carcinoma may result
in presentation for liver transplant, or rarely for cardiac/
hepatic double transplantation [105].

Anesthesia Perioperative Considerations

HH patients may present for unrelated surgical indica-
tions, or due to complications of HH such as palliative
procedures for cirrhosis, liver and/or heart transplant
[106], or joint surgery [107]. Mortality for HH liver trans-
plantation is greater than that for other indications [108,
109], and complication rates for bariatric surgery [110].
The preanesthetic assessments of HH patients should in-
clude CBC, CMP, coagulation studies, and endocrine as-
sessments (TFTs, pituitary hormones if endocrinopathy
suspected). ECG abnormalities are common, though heart
failure is unusual; echocardiography may be helpful in
cardiac risk assessment and should be routine for trans-
plantation candidates [100, 111]. MRI, but not CT, has
utility in assessment of iron deposition in the liver, heart,
and anterior pituitary [111]. Intraoperatively, pharmacoki-
netic and pharmacodynamics aberrations due to hypoalbu-
minemia should be anticipated, as well as impaired drug
metabolism by cirrhotic livers. For example, muscle re-
laxation with cisatracurium and atracurium will be more
predictable than non-depolarizing relaxants subject to me-
tabolism, and sedatives such as midazolam may accumu-
late especially with multiple or prolonged exposure.
Opioids subject to prodrug metabolism such as codeine
may be less effective, or have prolonged/delayed effect,
and hepatotoxic agents such as acetaminophen should be
minimized. Thrombocytopenia and coagulopathy may be
present, requiring care with neuraxial and regional anes-
thetics. Transfusion is associated with an iron burden and
should be judiciously employed (22658368). Post cardiac
transplant patients suffer the typical loss of response to
indirect sympathomimetics due to denervation.

Wilson’s disease

Pathophysiology

Disruption of copper homeostasis is associated with
Wilson disease (WD, OMIM 277900), Menkes syndrome
(OMIM 309400), and MEDNIK syndrome (OMIM
609313).
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Of inborn errors of iron metabolism, WD is the most com-
mon [112•]. Due to inadequate biliary secretion, copper accu-
mulates in the liver where it causes hepatitis, fibrosis, and
ultimately cirrhosis. With its inability to load onto ceruloplas-
min, copper circulates in an unbound form, precipitating in the
kidneys, brain, and eyes where it forms Kayser-Fleischer rings
(KFRs). Copper deposition in the brain contributes to the neu-
ropsychiatric presentations of WD. Deposition in the heart
causes conduction and functional defects.

Presentation

The estimated prevalence is 1/1500–1/3000 [112•]. Typically,
patients present with neurological symptoms in the second or
third decade of life, though diagnosis as late as the seventh
decade has been reported. Five percent of patients present with
liver failure at an earlier age, the youngest being 9 months.
Adult neurologic presentations are typically dystonia,
Parkinson’s-like symptoms, and/or ataxia, often with a mix
of these 3 types. Dysgraphia, tremor, dystonia, and drooling
are common [113], and psychiatric presentations also occur.
Acutely, hepatic encephalopathy can occur due to cirrhosis.
Seizures can also occur, before as well as after initiation of
treatment. Increased deep tendon reflexes may be seen, but
paralysis is rare, and sensory abnormalities make WD less
likely. Despite the well-known sign of Keyser Fleisher rings
(copper deposition in the iris), visual acuity is unimpaired. On
the other hand, defects in vertical smooth pursuit can be elic-
ited in most patients. Autonomic dysfunction has also been
reported in WD [114], with involvement of sympathetic and
parasympathetic systems. Observed abnormalities include in-
creased resting heart rate, and impaired baroreflex sensitivity
including orthostatic hypotension [115]. Meanwhile, known
cardiac manifestations of WD include various conduction de-
fects, as well as anatomic alterations and myriad ECG changes
[115]. Heart failure has been reported, including systolic and
diastolic [116], and acute cardiac death has been reported.
Hematologic abnormalities include thrombocytopenia
(50%), neutropenia 30%), and acute hemolytic crisis.
Ultimately, almost all systems can be involved including renal
(Fanconi syndrome) hematologic and endocrine [117].

Diagnosis and Treatment

A 24-h urinary copper excretion greater than 100 μg per
24 h in the absence of cholestatic disease is consistent
with WD. Other tests supporting WD include low serum
copper levels, elevated transaminase levels, aminoacid-
uria, and hemolytic anemia. “Penicillamine challenge”
can increase 24-h urinary copper excretion several-fold
after two doses, in pediatric patients. Finally, liver biop-
sies for assessment of liver copper levels can disambigu-
ate differential diagnoses. Genetic testing for relatives of

patients is useful. Brain MRI abnormalities are seen in
100% of patients. Upon diagnosis, chelator (D-penicilla-
mine, trientine, tetrathiomolybdate) therapy, and/or zinc
supplementation is initiated. The latter competes for intes-
tinal uptake, though by itself is less effective than chela-
tion. Response of hepatic markers is seen in > 90% of
patients initiated on chelation therapy, but neurologic
symptoms may be irreversible in almost 40% of patients
[112•]. Stabilization of treatment may take 1–3 years, and
the goal is 24-h urine copper < 0.6 mg. Maintenance ther-
apy should be expected to be lifelong and adverse effects
may necessitate drug substitution. Biannual surveillance
of copper lab studies, and LFTs, has been suggested for
evaluating efficacy of treatment [112•]. Liver ultrasound
screening for hepatoma is also justified, and liver trans-
plantation can be considered acute fulminant liver failure
or decompensated cirrhosis. For neurologic symptom
management, botulinum toxin injections may help with
dystonia, while primidone may help with tremor.
Thalamotomy or deep brain stimulation are also options
for resistant tremors.

Anesthesia Perioperative considerations

Preoperative assessment of WD patients should include
assessments of end organ damage, including neuropsychi-
atric status, liver function, and cardiac function. ECG
changes are present in 1/3 of WD patients (3829752),
and echocardiography may inform cardiac functional sta-
tus. Advanced WD patients with hepatorenal syndrome
may requi re dia lys is pr ior to e lec t ive surgery.
Intraoperative management may be performed with lower
doses of propofol, as increased sensitivity to propofol’s
sedative and cardiorespiratory depressant effects have
been reported [118]. Isoflurane improves hepatic blood
flow, while sevoflurane reduces it [119], and isoflurane
is suggested to be the volatile anesthetic of choice [120].
Delayed metabolism of anesthetics, analgesics, and mus-
cle relaxants should be anticipated, and cisatracurium or
avoidance of relaxants would be preferred [120].
Antiemetics with antidopaminergic effects (antipsy-
chotics, metoclopramide) should be avoided due to con-
cern for exacerbation of dystonia and extrapyramidal
symptoms (ondansetron can also rarely cause dystonia
and should be used with care). Neuraxial anesthetics
may be used, with due diligence for coagulopathy and
thrombocytopenia. Regional anesthesia may be reasonable
for patients on appropriate maintenance therapy [121]. For
advanced WD patients, acute neuropsychiatric flares in
the postoperative period could be hepatic encephalopathy
masquerading as more typical postoperative delirium and
should be included in the differential diagnosis.
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Urea Cycle Disorders

Pathophysiology

The urea cycle is an enzymatic pathway responsible for re-
moving waste nitrogen from the bloodstream and the produc-
tion of several endogenous amino acids [2••]. When function-
ing properly, the system uses a series of biochemical reactions
to convert nitrogen, a waste product of protein metabolism, to
urea which is cleared by the kidneys.

Urea cycle disorders (UCDs) typically present in neonates
and are due to a deficiency or absence of six enzymes or two
transporters of the urea cycle resulting in the accumulation of
excess ammonia [122].

Partial UCDs are associated with ammonia accumulation at
times of physiologic stress (e.g., peripartum, infection, fasting,
surgery, and blood loss) [2••, 4]. Diagnosis may be delayed for
months or years, but the majority of patients are diagnosed in
childhood and less than 10% of patients are diagnosed over
the age of 16 [5]. Because of the rare nature and relative
unfamiliarity of many clinicians, there are case reports of fa-
talities during initial presentation even among adults [6–8,
23].

Presentation

Without a functioning clearance system, serum ammonia
levels can increase to toxic levels leading to encephalopathy,
seizures, brain damage, coma, and eventually death [1].

UCDs are primarily inherited deficiencies in any of the six
enzymes in this pathway. Individuals with complete defects
appear normal at birth, but are quickly affected and, if left
untreated, develop lethargy, and anorexia, before progressing
to seizures, coma, and/or death [2]. Overall mortality rate of
patients with urea cycle disorders has been reported as high as
85% within 10 years of diagnosis [3].

Treatment

Treatment consists of appropriate dietary management and
supplementation to limit ammonia production and decrease
levels in the bloodstream. Patients often need frequent and
lifelong blood tests to check ammonia levels. Some even re-
quire dialysis and ultimately liver transplantation when opti-
mal treatment fails [123•].

Perioperative Anesthesia Considerations

Anesthesia for patients with urea cycle disorders poses serious
risks for the patient during the perioperative period. Elective
cases should be referred to pediatric hospitals that specialize in
the management of metabolic disorders [4].

If feasible, in the period leading up to the procedure, the
patient should maintain the typical low-protein diet, supple-
mentation with certain amino acids, and administration of or-
ganic compounds to augment waste nitrogen excretion. For
elective surgery, the patient should be admitted the day before.
Lab work should include plasma ammonia and amino acid
levels to ensure the patient is not trending towards an uncom-
pensated state [10]. Elective surgeries should be delayed in the
case of infections or signs of metabolic decompensation [4].

During the NPO period, IV replenishment of fluids, glu-
cose, and electrolytes should be maintained to prevent fasting-
induced catabolism of proteins which could trigger
hyperammonemic crises. Avoiding hyperglycemia is impor-
tant to prevent osmotic diuresis and volume contraction.
Peritoneal dialysis or hemodialysis may be utilized to reverse
metabolic abnormalities associated with the disease [11]. The
night before surgery, a discussion with the pediatric metabolic
specialists is paramount to determine whether sodium benzo-
ate and arginine should be administered prior to the operation
[10, 12].

The anesthetic technique needs to be carefully selected as
appropriate for the clinical scenario; goals should include lim-
iting stress, pain, and trauma for the patient, and physiologi-
cally to limit protein catabolism, maintain optimal hydration
status, and facilitate nitrogen excretion [13].

Avoiding physiologic stressors may be beneficial during
this period. Tight control over hemodynamics, use of regional
and/or neuraxial anesthesia for pain control, and avoidance of
intubation if clinical feasible may all assist in the avoiding
catabolic states [4, 14].

During prolonged operations, administration of glucose,
intralipid, and/or low-protein total parenteral nutrition should
be utilized along with intravenous sodium phenylacetate, so-
dium benzoate, and arginine hydrochloride.

An overnight observation period in the intensive care set-
ting to closely follow neurological status and frequent mea-
surements of plasma ammonium is recommended [4].

Conclusion

Metabolic disorders encompass a group of hundreds of
inherited disorders caused by various genetic defects. This
goal of this review is to reacquaint the anesthesiologist with
more commonly encountered metabolic disorders and address
the major perioperative anesthesia issues.

To best care for these patients, it is important that anesthe-
siologists perform thorough and detailed pre-anesthesia eval-
uations. If any uncertainty exists about rarer conditions and
how to proceed with perioperative management, the anesthe-
siologist should not hesitate to seek multidisciplinary consul-
tation to ensure safe and optimal care of these patients.
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