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Summary: In November 1996, a panel of pediatric neurolo-
gists met to update the consensus statement issued in 1989 by
a panel of neurologists and metabolic experts on L-carnitine
supplementation in childhood epilepsy. The panelists agreed
that intravenous L-carnitine supplementation is clearly indi-
cated for valproate (VPA)-induced hepatotoxicity, overdose,
and other acute metabolic crises associated with camnitine de-
ficiency. Oral supplementation is clearly indicated for the pri-
mary plasmalemmal carnitine transporter defect. The panelists
concurred that oral L-carnitine supplementation is strongly sug-

gested for the following groups as well: patients with certain

secondary carnitine-deficiency syndromes, symptomatic VPA-
associated hyperammonemia, muitiple risk factors for VPA
hepatotoxicity, or renal-associated syndromes; infants and
young children taking VPA; patients with epilepsy using the
ketogenic diet who have hypocarnitinemia; patients receiving
dialysis; and premature infants who are receiving total paren-
teral nutrition. The panel recommended an oral L-carnitine dos-
age of 100 mg/kg/day, up to a maximum of 2 g/day. Intrave-
nous supplementation for medical emergency situations usually
exceeds this recommended dosage. Key Words: L-Carnitine—
Epilepsy—Pediatric—Ketogenic diet—Metabolism.

In August of 1989, the Pediatric Neurology Advisory
Committee (on Carnitine and Seizures) to Sigma-Tau
Pharmaceuticals issued a consensus statement on the
subject of L-carnitine supplementation for patients taking
valproate (VPA) for epilepsy. The Committee recom-
mended the prophylactic administration of L-carnitine to
all children younger than 2 years who were taking VPA
and the selective administration of L-carnitine to all chil-
dren who had evidence of carnitine deficiency. Carnitine
deficiency was defined as a plasma free concentration of
<20 puM at an age older than 1 week after term or a
plasma esterified-to-free ratio of =0.4 at an age older
than 1 week after term. Many neurologists still subscribe
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This article summarizes a roundtable on the role of L-carnitine
supplementation in children with epilepsy. The meeting was held on
Amelia Island, Florida, November 23, 1996.
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to these two treatment recommendations, although cer-
tain issues remain controversial.

1996 CONSENSUS CONFERENCE

On November 23, 1996, a pane! of nine pediatric neu-
rologists convened to review the present state of knowl-
edge about L-carnitine supplementation in infants and
children with epilepsy and to develop guidelines for the
appropriate use of L-carnitine replacement therapy for
these patients. The panelists addressed the role of L-
carnitine supplementation in children who are taking any
antiepileptic drug (AED) not only VPA. Because of the
resurgence of interest in the ketogenic diet for seizure
control, the appropriateness of L-carnitine therapy for
children with epilepsy who are receiving the ketogenic
diet also was considered. In addition, the panelists dis-
cussed the relation between seizures, metabolic disease,
and the potential for carnitine deficiency. This article
reviews the basic functions of carnitine and its role in
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cellular energy metabolism and provides an overview of
the interaction between epilepsy and metabolic disease.
Recommendations for L-carnitine supplementation in pe-
diatric patients with epilepsy, based on available evi-
dence and clinical experience, are provided.

For the purposes of this article, the panel has chosen to
use the general term *‘blood carnitine’’ throughout, with
the acknowledgment that specific measurements may be
made in blood, plasma, or serum, and vary from one
report to another.

CARNITINE FUNCTIONS AND METABOLISM

The amino acid derivative carnitine is present in most
human tissues. Its major sources are the diet and de novo
synthesis. Blood carnitine increases during the first
month of life and remains in the body in adequate
amounts for life. Dietary carnitine is thought to be ac-
tively transported across the intestine in a sodium-
dependent manner. It is excreted intact by the kidneys
either as free carnitine or as acylcarnitine. The concen-
tration of blood carnitine is regulated mainly by the ki-
netics of carnitine reabsorption by the kidney, the proxi-
mal renal tubule reabsorbing >90% of filtered carnitine
at normal physiologic concentrations. The first known
physiologic function of carnitine was the transport of
Jong-chain fatty acids across the mitochondria for beta-
oxidation. Recently other functions have been suggested,
as listed in Table 1. L-carnitine is now prescribed as a
therapeutic supplement in a growing number of diseases
(1,2).

CARNITINE DEFICIENCY

A subnormal concentration of total carnitine may re-
sult from decreased biosynthesis, inadequate dietary in-
take, inadequate absorption, defective tissue transport,
excessive renal excretion, or inborn errors of metabo-
lism. An overview of fatty acid oxidation and the role of
carnitine in this metabolic pathway is shown in Fig. 1.
Carnitine deficiency may be classified as primary or sec-
ondary. Primary disorders are marked by a profound re-

TABLE 1. Metabolic functions of carnitine

® Transfer of long-chain fatty acids across the inner mitochondrial
membrane

e Facilitation of branched-chain a-ketoacid oxidation

e Shuttling of acyl-CoA products of peroxisomal B-oxidation to
mitochondrial matrix in the liver

e Modulation of the acyl-CoA/CoA ratio in mammalian cells

e Esterification of potentially toxic acyl-CoA metabolites that
impair the citric acid cycle. urea cycle, and pathways for
gluconeogenesis and farty acid oxidation during acute clinical
crises

Adapted with permission from De Vivo DC. Tein L Primary and
secondary disorders of carnitine metabolism. /nt Pediatr 1990;5(2):
135.

duction of carnitine in affected tissues. The underlying
mechanism is defective transport of carnitine from blood
into affected cell. The carnitine-transporter defect is
transmitted as an autosomal recessive trait and presum-
ably involves skeletal muscle, heart, kidney, and gut (3).
This condition is thought to be rare, but its true incidence
and prevalence remain unknown.

Much more common are secondary disorders of car-
nitine deficiency, which produce a less striking decrease
in blood or tissue concentrations of carnitine or an in-
creased ratio (>0.4) of esterified to free carnitine or both.
In the majority of patients, the cause is either an under-
lying genetically determined inborn metabolic error, an
acquired disease (e.g., chronic renal disease, Fanconi
syndrome), or an iatrogenic factor such as drug admin-
istration (1).

When attempting to determine whether a patient with
an epileptic encephalopathy or intractable seizures has an
underlying metabolic disorder and carnitine deficiency,
the clinician should consider the factors listed in Table 2.

Alternatively, we can screen for metabolic disorders-
associated with the patient’s particular epilepsy syn-
drome. For example, the following metabolic disorders
are associated with West syndrome: phenylketonuria
(PKU): nonketotic hyperglycinemia; and hyperorni-
thinemia, hyperammonemia, and homocitrullinuria
(known as the HHH syndrome). Unfortunately, specific
epilepsy syndromes are often difficult to identify in in-
fants and young children with inborn errors of metabo-
lism (4).

VALPROIC ACID-ASSOCIATED
CARNITINE DEFICIENCY

A number of clinical studies have shown a significant
decrease in total or free blood carnitine concentrations or
both in patients taking multiple AEDs, including VPA
(5-11) or VPA alone (6; see Table 1). Low blood car-
nitine concentrations commonly accompany long-term
VPA therapy for epilepsy (6,12-18). Blood carnitine
concentrations were lower in patients taking VPA in
combination with other AEDs than in patients taking
VPA alone (6,8-11). In several studies, carnitine con-
centrations in patients taking VPA alone did not differ
significantly from those of controls (9,19). In a 1991
study by Bohan et al. (20), carnitine concentrations in
VPA-treated younger children (1-10 years) were signifi-
cantly lower than those in older children (10-18 years).
Decreased blood carnitine levels appear to be more com-
mon in young patients with coexisting severe disabilities
such as cerebral palsy (7,17,21) than in relatively
healthy, older patients with epilepsy (9).

In one study of 21 children taking VPA, the mean
blood carnitine concentration did not correlate with the
dose of VPA or blood level of VPA (22). Even in the
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carnitine cycle includes the plasma membrane transporter, carnitine palmitoyitransferase (CPT) |, carnitine-acylcarnitine translocase (TY
system, and CPT Ii. The inner mitochondrial membrane system includes very-long-chain (VLC) acyi-coenzyme A dehydrogenase {AD
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AS, acyl-CoA synthase (Adapted from Handbook of Clinical Neurology. vol. 22 (66) De Vivo DC, Hirano M, DiMauro S. Neurodystrophies
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Netherlands.)

presence of normal blood carnitine concentrations, iso-
lated muscle carnitine deficiency was documented in
three children receiving long-term VPA therapy for in-
tractable seizures (23). Given that 90% of body carnitine
stores are contained within skeletal muscle (which con-

TABLE 2. Clues favoring an underlying metabolic
abnormaliry in patients with epileptic encephalopathies
or seizures

Family history of unusual neurologic problems or deaths in
infancy or childhood

Episodic metabolic derangement or progressive epileptic disorder
Intractable early-onset seizures

Failure to thrive

Ataxia

Strokes at an early age

Seizures with minor motor manifestations

Extrapyramidal syndrome

Peripheral neuropathy
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tains ~70 times the serum concentration; 1), this finding
suggests that blood carnitine concentrations are not al-
ways informative and that muscle carnitine concentra-
tions may provide a more accurate reflection of the car-
nitine status of the patient. In essence, low blood carni-
tine concentrations reflect low muscle tissue
concentrations, but normal blood concentrations may be
present with low muscle tissue concentrations (24).
Millington et al. (25) proposed that valproyl-
coenzyme A (valproyl-CoA) is converted into valproyl-
carnitine by the action of one or more of the carnitine
acyltransferases, predominantly carnitine octanoyltrans-
ferase, at the inner surface of the inner mitochondrial
membrane. Valproylcarnitine may then be transported
out of the mitochondrion, releasing free valproyl-CoA in
the mitochondrion. The valproylcarnitine may diffuse
across the plasmalemma and then interfere with tissue
free carnitine transport or with renal tubular reabsorption
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of free carnitine. Depressed renal tubular reabsorption of
free carnitine was documented by Matsuda and Ohtani
(15) in children receiving VPA therapy. Stanley et al.
(26) examined the renal free carnitine threshold (blood
level at which urinary free carnitine decreases to <5% of
the filtered load) and found that it was below the normal
range of plasma free carnitine (35-50 uM) in medium-
chain acyl-CoA dehydrogenase deficiency (17 pM) and
in long-chain acyl-CoA dehydrogenase deficiency (40
pM).

The mechanisms by which VPA can interfere with
carnitine uptake over time include (a) the sequential for-
mation of valproyl-CoA (27) and valproylcarnitine
(25,28), leading to direct competitive inhibition of car-
nitine uptake at the transporter site; (b) the formation of
VPA metabolites (29) with secondary inhibition of f3-
oxidation and excessive acyl-CoA; and (c) a decrease in
intracellular adenosine triphosphate (ATP) due to inhi-
bition of B-oxidation, pyruvate metabolism, oxidative
phosphorylation, and gluconeogenesis (30-34), leading
to decreased efficiency of the energy-dependent carnitine
transporter.

Carnitine deficiency in the context of VPA therapy for
epilepsy is of major clinical concern because of the high
incidence of VPA toxicity—in particular, hepatoxicity—
in infants and young children. VPA therapy may be as-
sociated with such serious side effects as a Reye-like
syndrome, pancreatitis, and idiosyncratic and life-
threatening hepatotoxicity (35-37). The clinical pattern
of hepatoxicity associated with carnitine deficiency and
VPA treatment is variable, ranging from mild to severe.
Coulter (16) proposed the carnitine hypothesis of human
VPA hepatotoxicity in 1984. He identified four patterns
of VPA-induced hepatotoxicity: common transient in-
crease in liver enzymes, reversible hyperammonemia,
Reye-like illness, and progressive hepatic failure. In
practice, physicians may see patients who develop in-
creased liver enzyme levels shortly after taking VPA,
with and without manifestations of clinical symptoms.
These enzyme levels often return to normal with a re-
duction in VPA dosage (38) or with L-carnitine supple-
mentation (39). The principal risk factors for hepatotox-
icity are age younger than 24 months, the presence of
concomitant neurologic or metabolic disorders or both,
AED polypharmacy, and the addition of VPA therapy
within 3 months of liver dysfunction (16,37,38,40).

Epidemiology of VPA-associated hepatotoxicity

The association between VPA and hepatotoxicity was
extensively studied by Dreifuss et al. (37,41,42). In a
recent retrospective review of all suspected cases of fatal
hepatotoxicity associated with VPA therapy between
1987 and 1993, Bryant and Dreifuss (37) reported 29
fatal cases out of more than one million new prescrip-
tions. Risk factors for mortality included age younger

than 2 years, polytherapy, developmental delay, and con-
comitant metabolic disease. The greatest risk was in pa-
tients aged younger than 2 years with a complex neuro-
logic disorder who were receiving polytherapy, with an
incidence of fatal outcome of one in 600.

Recent data from the International Registry for Pa-
tients with Adverse Reactions to Valproate provide fur-
ther insights regarding the frequency and severity of
VPA-associated hepatotoxicity (43). Data for the registry
were acquired from a review of primary source docu-
ments (chnical summaries, progress notes, laboratory
data, or pathology and autopsy reports or a combination
of these) from 75 patients with VPA-induced hepatic
dysfunction. Among the registry’s findings are the fol-
lowing: Clinical features of many of the patients were
mental retardation (51%), polytherapy (75%), chronic
illness, frequent hospitalizations, malnutrition, and low
body mass. The hospitalizations were due to infections,
to the illness that was the indication for VPA, or both.
More than 50% of the children were below the 25th
percentile in weight, and 27% were below the 5th per-
centile. Thus many of the children exhibited failure to
thrive. Survival was significantly greater for the patients
taking VPA who received L-carnitine than for those who
did not. Although 59% of the patients who received in-
travenous (i.v.) carnitine (n = 17) survived. only 8% of
the patients who did not receive carnitine (n = 48) sur-
vived. Survival varied with the route of administration of
carnitine. Intravenous treatment was superior to enteral
administration, and early aggressive administration was
more likely to effect a positive outcome. These findings
are similar to the response pattern of patients with acet-
aminophen-associated hepatotoxicity when treated with
n-acetylcysteine, who respond favorably to early, aggres-
sive treatment (44,45).

On the basis of epidemiologic surveys and registry
data, the following conclusions can be drawn about
VPA-associated hepatotoxicity: (a) Hepatotoxicity is re-
lated directly or indirectly to tissue carnitine deficiency:
(b) This deficiency is presumably due to drug-induced
aggravation of acquired nutritional problems; (¢) Normal
blood carnitine levels do not exclude tissue carnitine de-
ficiency; and (d) Intravenous L-carnitine treatment is ef-
ficacious in the treatment of VPA-induced hepatotoxic-
ity, particularly if initiated early.

EFFECTS OF OTHER AEDs ON
CARNITINE METABOLISM

The database of medical literature suggesting a rela-
tion between VPA and carnitine is considerable; infor-
mation regarding the effects of the other AEDs on car-
nitine metabolism is more limited. In a study of 471
patients of various ages who were given AEDs for sei-
zures, Hug et al. (10) found the following percentages of
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pattents in each of eight treatment groups to be deficient
in total carnitine: 23% of those taking VPA (n = 53),
36% of those taking phenobarbital (PB; n = 43), 12% of
those taking phenytoin (PHT; n = 11), 8% of those
taking carbamazepine (CBZ; n = 141), 37% of those
taking PB and PHT (n = 19), 18% of those taking PB
and CBZ (n = 17), and 44% of those taking VPA and
CBZ (n = 18). One limitation of the study was that the
subjects’ blood carnitine levels were not measured be-
fore AED therapy began.

In a study of carnitine concentrations in 183 adult
outpatients compared with 49 controls, Rodriguez-
Segade et al. (8) found the following percentages of pa-
tients in each treatment group to be deficient in free
carnitine (defined as >2 standard deviations below the
mean): 77% of those taking VPA (n = 34), 27% of those
taking PHT plus PB (n = 41), 23% of those taking CBZ
(n = 57), and 16% of those taking PHT (n = 25).

Zelnik et al. (46) measured blood carnitine levels in 37

children before and after AED therapy. Total carnitine .

levels in the VPA group declined from 45.3 uM before
treatment to 34.9 uM after treatment, in the CBZ group
from 45.7 to 43.4 uM, and in the PB from 44.9 to 42.1
uM. Only the VPA-treated patients showed a significant
decrease (p < 0.001) in their carnitine levels with
therapy. .

With a mouse model, Carmifia et al. (47) found that
PB, PHT, and CBZ did not reduce blood free carnitine
but that, like VPA, these agents did reduce blood acyl-
carnitines. The authors suggested that these drugs alter

renal reabsorption of acylcarnitines and that VPA alters -

renal reabsorption of both acyicarnitine and free carni-
tine. These suggestions need to be examined in light of
the studies cited later. Of all the AEDs that have come to
market in recent years, vigabatrin (VGB) appears, from
its structure (i.e., the presence of a fatty acid group), to be
the most likely to interact with carnitine. Because VGB
is prescribed mostly for patients with epilepsy who have
other problems, such as inborn errors of metabolism,
these other problems rather than the drug itself could
cause excess excretion of carnitine. Interactions between
AEDs and carnitine could also be caused by a liver-
toxicity reaction in the presence of a dietary deficiency.
Patients with chronic epilepsy, in particular, are often
malnourished with respect to protein.

THE KETOGENIC DIET

In recent years, physicians have shown renewed inter-
est in using the ketogenic diet for seizure control, espe-
cially in patients whose seizures are refractory to AED
therapy or who experience unacceptable side effects
from AEDs (46,48-50). The current popularity of the
ketogenic diet prompted the panelists to consider the
effects of L-carnitine supplementation in patients who are
following the diet.

Epilepsia, Vol. 39, No. 11, 1998

Ketogenic diet rationale and possible mechanisms

The rationale for the ketogenic diet is as follows: the
brain derives most of its energy from the aerobic oxida-
tion of glucose. Under certain conditions, such as fasting
or consumption of a high-fat diet, the brain can use ke-
tone bodies for energy. The ketogenic diet, which is high
in fat and low in carbohydrates and protein (usually in a
3:1 or 4:1 ratio by weight), produces a state of ketosis
that mimics the fasting state. Consumption of the keto-
genic diet causes the main source of fuel used by the
brain to shift from carbohydrates to fats. This metabolic
shift somehow causes the seizure threshold to rise, al-
though this protective effect is rapidly reversed when the
diet is discontinued (51). For many centuries, even in
biblical times, fasting was observed to have a beneficial
effect on seizures. Systematic attempts to exploit the
beneficial effects of ketosis to treat epilepsy date back to
the 1920s, before most of the AEDs now in use became
available.

The mechanism(s) by which the ketogenic diet exerts
its anticonvulsant effect are not fully understood, al-
though many theories have been proposed (49,51-55).
Ketosis is associated with improved brain cellular ener-
getics and elevated tissue ATP concentrations (53).

Efficacy of the Diet

Age limits should be set when discussing efficacy of
the ketogenic diet in infants and young children. The
ketogenic diet seems most effective in young children
and has even been cited as effective in infants (1,56,57).
In addition, their dietary intake can be monitored rela-
tively easily. Older children, teenagers, and adults may
not respond as well to the diet; large studies have not
been performed with these populations (48). The efficacy
of the diet varies not only with the patient’s age but also
with the types of seizures experienced by the patient.
Various studies and clinical experience have shown that
about a third of patients who try the diet have an excel-
lent response (=50% fewer seizures, fewer AEDs
needed, increased alertness). Another third have a partial
response (a decline in seizures of <50%). The remaining
third will not experience a significant reduction in the
number of seizures (48,52). Recent results suggest an
even more favorable outcome (58).

Carnitine and the ketogenic diet

The ketogenic diet may deplete carnitine stores by
several potential mechanisms. The diet may decrease
carnitine intake, increase the demand on carnitine utili-
zation, or increase urine excretion of carnitine acyl con-
Jugates. L-Carnitine supplementation would be expected
to facilitate ketogenesis and thus contribute to the anti-
convulsant action of the diet. The recommendation that
patients on the ketogenic diet be given L-carnitine is
warranted if it can be shown that (a) carnitine concen-
trations decline as a result of the diet; (b) low levels of
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carnitine contribute to signs of carnitine deficiency, re-
duce effectiveness of the diet, attenuate the systemic ke-
tosis, and accentuate the hypoglycemia; and (c) carnitine
supplementation restores carnitine levels and improves
clinical response. Some research supports the observa-
tion that the ketogenic diet may induce carnitine defi-
ciency, which in turn may interfere with the seizure-
reducing effect of the diet (59).

Demeritte et al. (60) and E. Demeritte and M. Nigro
(unpublished observation) studied 61 children on the ke-
togenic diet. Of these, 23 had prediet carnitine concen-
trations checked. Seven of the 23 had normal (<0.4)
prediet carnitine ratios (mean acyl/free ratio, 0.19), but
their carnitine levels on the ketogenic diet were not
checked. Sixteen of the 23 patients had abnormal ratios
{mean acyl/free ratio, 1.22); it is unknown how many
were taking VPA simultaneously. All 16 of these chil-
dren were given the ketogenic diet and given L-carnitine.
The carnitine levels were retested in four children after
they started the diet and carnitine therapy. Because all
four still had abnormal carnitine levels, their carnitine
dosage was increased to 300 mg/kg/day. until the ratio
normalized. The carnitine levels of some, but not all, of
the children improved with carnitine supplementation.

In the same study, 14 children had carnitine concen-
trations checked only after they began the diet and car-
nitine therapy; two had normal levels, and 12 had abnor-
mal levels (mean acyl/free ratio, 1.15). The carnitine dos-
age for these children was also increased to <300 mg/
kg/day if necessary, until an effect was seen. Again, in
some but not all cases, the children’s camnitine levels
improved. The finding that the ratio of bound to free
carnitine decreased significantly in some patients was
compatible with increased B-oxidation of fatty acids. The
investigators suggested that carnitine supplementation
was warranted to correct carnitine deficiency. Organic
acid screening was performed on 26 patients, and 28%
showed a profile consistent with a B-oxidation defect.
They concluded, ‘‘Organic acid screening should be
done prior to and after initiation of the diet, and carnitine
supplements should be given routinely’ (60).

As a general rule, the panelists added that all children
being considered for ketogenic diet therapy should be
screened for an underlying metabolic defect that would
contradict use of the diet. The introductory fast also
serves as an effective provocation. It is useful to obtain a
urine organic acid screen and an acylcarnitine profile at
the end of this fast. Many children with chronic epilepsy,
exposed for years to multiple AEDs, deveiop carnitine
deficiency. A recent study of children about to begin the
ketogenic diet supports this observation (61). Twelve
children with chronic epilepsy in whom multiple stan-
dard AEDs had failed had their carnitine levels checked
before starting the ketogenic diet. Total carnitine levels
were deficient in nine patients, and acylcarnitine levels

were increased in six. There was a strong correlation of
symptomatic hypoglycemia on ketogenic diet initiation
in seven of the nine patients with low total blood carni-
tine levels and in five of the six patients with increased
blood acylcarnitine levels. Therefore, prior carnitine de-
ficiency, presumably a result of long-term AED therapy,
may be associated with adverse sequelae (hypoglyce-
mia), particularly during fasting before initiation of the
ketogenic diet. These findings further support the need to
evaluate the patient’s carnitine profile before starting the
ketogenic diet.

The panelists expressed one important concern about
the use of VPA in children with epilepsy: that some
physicians might prescribe VPA with the ketogenic diet.
Because VPA is an inhibitor of fatty acid oxidation, its
administration to patients who are consuming a keto-
genic diet creates the potential risk of mitochondrial dys-
function (48). Available evidence suggests that carnitine
deficiency may accompany long-term use of VPA or the
ketogenic diet. It is likely that this effect would be ad-_
ditive if VPA and the ketogenic diet were used together.
VPA, as a partial inhibitor of fatty acid oxidation, may
attenuate the desired ketosis associated with a high-fat
diet. Therefore, the panelists perceived a potential danger
associated with the simultaneous use of VPA and the
ketogenic diet.

Clinical experience suggests also that some children
on the ketogenic diet have decreased carnitine concen-
trations. The magnitude of that decrease may be a func-
tion of the duration of the diet alone. It is not clear
whether children on the diet who become carnitine de-
ficient are symptomatic, and no data have been reported
on the effect of L-carnitine supplementation in patients
on the ketogenic diet.

CARNITINE DEFICIENCY IN EPILEPSY: RISK
FACTORS AND TREATMENT

Clinical experience has shown that the aggregate num-
ber of risk factors for carnitine deficiency is inversely
related to the carnitine concentration. The panelists re-
viewed research findings on various risk factors for car-
nitine deficiency, including mental retardation and asso-
ciated neurologic disorders, malnutrition, polypharmacy,
and hyperammonemia.

Hunt and Pellock (62) reported on a survey of 640
residents at the Southside Virginia Training Center, a
residential facility for people with mental retardation,
mostly older teenagers and adults. Almost half of the
residents had abnormal carnitine levels (defined as low
total, low free, or a high acyl/free ratio). Some of these
patients had epilepsy and were taking AEDs. Most of the
residents were taking AEDs other than VPA. The survey
suggests a correlation between carnitine deficiency and
multiple neurologic handicaps sufficiently severe to war-
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rant institutionalization. Vance et al. (63) alluded to simi-
lar findings and apparent benefits after carnitine supple-
mentation.

It has been suggested that the smallest and most mal-
nourished children seem to be at greatest risk for carni-
tine deficiency. One study found a positive correlation
between blood camnitine levels and arm circumference as
a reflection of the patient’s nutritional status (5). Both
total and free blood carnitine levels were significantly
lower in patients with smaller arm circumferences, re-
flecting a loss in muscle mass.

The literature has demonstrated consistently that car-
nitine levels are lower in patients taking VPA and lowest
in those taking valproate plus other drugs (9,11). VPA-
associated hyperammonemia has been reported by sev-
eral investigators (14,64,65). Ohtani et al. (14) were the
first to report a correlation between VPA therapy or hy-
perammonemia and low carnitine levels. Hyperammone-
mia is associated with lethargy, but ammonia may not be
the causative toxin. Rather it may be a marker for some
other metabolic alteration, such as free fatty acids. Not
all instances of coma in patients who are taking VPA are
due to hyperammonemia.

A CLINICAL PERSPECTIVE ON
CARNITINE SUPPLEMENTATION

Unfortunately, scientific data on the effects of carni-
tine therapy in patients with epilepsy are limited. There is

a compelling need for controlled clinical trials. Only one

such trial has been reported. Freeman et al. (66) exam-
ined the effects of carnitine therapy in 37 children with
epilepsy between the ages of 3 and 17 years. There were
17 children taking VPA alone, five taking VPA with
another AED, and 15 taking CBZ alone. Thirteen of the
children were developmentaily delayed.

The patients’ blood total and free carnitine and acyl/
free carnitine ratios were measured at the start of treat-
ment and after 4 weeks. The well-being of these patients
was assessed by their parents before treatment with car-
nitine, weekly during treatment, and after the end of
treatment. After receiving carnitine or placebo for 4
weeks, the 37 children showed similar but statistically
insignificant improvement in their well-being. The in-
vestigators concluded that prophylactic administration of
L-carnitine to alleviate common, nonspecific symptoms
in children who are taking AEDs is not warranted.

The findings of the trial should be interpreted with
caution. The small sample size may have limited the
power of the study to detect a statistically significant
difference; there was no clear description of the popula-
tion with respect to risk factors for carnitine deficiency;
and the subjects’ baseline carnitine levels were not low.
No information about the severity of the subjects’ epi-
lepsy was obtained. The seizure types represented in the
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study are often the most easily controlled and occur in
otherwise normal children. Only a few of the subjects
were taking multiple medications, and AED levels were
not provided. As for the administration of L-carnitine, the
I-week washout period was probably too brief. The pre-
structured scale that was used to collect the well-being
data was unvalidated, and no other measure of effect was
used. The carnitine measurements did not include tissue
carnitine levels; thus the conclusions of Freeman et al.
must be viewed as preliminary. The results of the study
do not preclude a beneficial effect for carnitine supple-
mentation in symptomatic patients and in those at risk for
carnitine deficiency.

An unblinded, uncontrolled study of carnitine supple-
mentation in 20 children with epilepsy who had two or
more risk factors for carnitine deficiency suggests that
supplementation may be beneficial (67). Clinical im-
provement was noted in more than half of the children
who exhibited symptoms such as apathy, listlessness,
lethargy, anorexia, and gastrointestinal complaints (nau-
sea, vomiting, and constipation). In some children,
symptoms of weakness and hypotonia were reduced. as
was the frequency of seizures (67). This study suffers
from its poor design, and like the Freeman study, the
conclusions are preliminary at best.

SUMMARY: L-CARNITINE
SUPPLEMENTATION IN PEDIATRIC EPILEPSY

Well-designed studies of specific and general uses of
L-carnitine replacement therapy in children with epilepsy
are needed. However, looking specifically at the issue of
hepatotoxicity, the rarity of this complication makes ex-
ecution and statistical analysis of such a study an un-
likely possibility. In the absence of more specific infor-
mation, clinical practice must be based on empiric ob-
servation, clinical experience, and theory. Collectively,
available evidence provides a reasonable argument for
the role of L-carnitine supplementation in certain cases of
childhood-onset epilepsy. The panelists summarized key
points about the diagnosis and treatment of carnitine de-
ficiency in childhood epilepsy, which follows.

Diagnosis

¢ Carnitine deficiency is defined as a free blood car-
nitine value of <20 pM.

¢ Carnitine insufficiency is defined as an acylcarni-
tine/free carnitine ratio >0.4.

¢ A beneficial clinical response to L-carnitine supple-
mentation supports the diagnosis of symptomatic
carnitine deficiency.

¢ Muscle carnitine levels can be measured to assess
tissue carnitine levels and are a more accurate mea-
sure of carnitine deficiency.
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e Carnitine deficiency can be suspected clinically and
confirmed biochemically.

Rational use of L-carnitine supplementation

e The benefits of L-carnitine for patients with some
inborn errors of metabolism, such as the primary
plasmalemmal carnitine-transporter defect, have
been documented.

o L-Carnitine supplementation for most children with
epilepsy has not been studied satisfactorily, and the
possible value of this treatment is based on an un-
derstanding of the pathophysiologic processes asso-
ciated with carnitine deficiency.

e Intravenous, high-dose L-carnitine treatment may be
life-saving in cases of VPA-associated hepatoxicity.

e The judicious use of L-carnitine supplementation re-
quires consideration of the formulation, dosage,
route of administration, and measure of response.

Treatment recommendations

The panelists summarized the conditions in which L-
carnitine supplementation is either indicated because of
clinically proven benefits or recommended because of
probable benefits. Table 3 lists these specific recommen-
dations. The panelists’ consensus derived from a critical
review of published research findings and their clinical
experience. The panel strongly recommended carnitine
supplementation for neonates receiving total parenteral
nutrition and patients undergoing dialysis, each of which
may involve secondary carnitine deficiency. The imma-
ture metabolic pathways of preterm infants are unable to
synthesize sufficient carnitine. In the absence of carni-
tine-supplemented parenteral formulations, carnitine de-
ficiency may occur (68). In patients undergoing hemo-
dialysis, excessive clearance of carnitine derivatives may
occur, leading to disordered lipid and protein metabolism
(1,69). :

The panel noted the favorable risk-benefit ratio asso-
ciated with L-carnitine. The main side effects are nausea,
diarrhea, and a fishy body odor at large doses. Diluting
the oral drug attenuates the gastrointestinal complaints.

The expense of medication also was acknowledged. The
panelists thought that cost reimbursement was more
likely if the indications for L-carnitine supplementation
were more widely publicized. The panelists also dis-
cussed the need for further research to clarify the risks -
and benefits of L-carnitine as treatment for specific long-
chain fatty acid oxidation defects. With the impoitant
exception of the primary plasmalemmal carnitine-
transporter defect, in which carnitine therapy is critical
and life-saving, some circumstantial evidence suggests
that carnitine administration may have deleterious effects
in the other long-chain fatty acid oxidation disorders
(Fig. 1). Clinically, these defects fe.g., long-chain acyl-
CoA dehydrogenase (LCAD), very-long-chain acyl-CoA
dehydrogenase (VLCAD), trifunctional protein, and the
severe form of carnitine paimitoyltransferase (CFT) II
deficiency] are associated with lipid-storage myopathy,
recurrent myoglobinuria, and hypertrophic or dilatative
cardiomyopathy (70-73).

Carnitine dosage recommendations .

The existing literature about optimal dosing 1s limited;
thus only general guidelines on dosing strategies are of-
fered by the panelists. In general, oral carnitine should be
administered in three or four divided doses. The daily
dose should be 100 mg/kg/day, or 2 g/day, whichever is
less. These recommendations are within the prescribing
information guidelines for oral carnitine, which specify a
dose of 50-100 mg/kg/day, up to 3 g per day. When
attempting ‘‘metabolic rescue’’ of acutely ill patients, the
panelists recommend intravenous administration of L-
carnitine in higher doses of 150-500 mg/kg/day. These
treatment guidelines are based on current knowledge of
anecdotal reports, clinical experiences, and apparent
safety of the agent.

DEDICATION

This article is dedicated to the memory of our es-
teemed colleague and co-author, Fritz Dreifuss, M.D.,
who died on October 18, 1997, in Charlottesville, Vir-

TABLE 3. Recommendations for carnitine administration

Carnitine clearly indicated

Carnitine strongly recommended

® VPA-induced hepatoxicity (i.v. administration)
® VPA overdose (i.v. administration)
® Primary plasmalemmal carnitine-transporter defect

Specific secondary carnitine deficiency syndromes*

Symptomatic VPA-associated hyperammonemia

Renal-associated syndromes

Infants and young children receiving VPA, especially those younger than 2 years

with a complex neurologic disorder who are receiving multiple anticonvulsants

® Patients who have multiple risk factors for hepatotoxicity (e.2.. neurologic
impairments, poor nutrition, failure to thrive, chronic illness, multiple
anticonvulsants)

® Epileptic patients on the ketogenic diet who have hypocarnitinemia

® Premature infants who are receiving total parenteral nutrition (TPN)

® Patients who are receiving dialysis

VPA, valproate.
¢ Exception: long-chain FAO disorders.
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ginia. Dr. Dreifuss made significant contributions to this
manuscript, both as panel member and reviewer. His
insightful knowledge about the use of antiepileptic drugs
and their effects on the liver was invaluable to our dis-
cussion. We are honored to have served on this panel
with him.

|19

REFERENCES

. De Vivo DC, Tein 1. Primary and secondary disorders of carnitine

metabolism. Int Pediatr 1990:5(2):134-41.

. Pons R, De Vivo DC. Primary and secondary carnitine deficiency

syndromes. J Child Neurol 1995;10(suppl):258--24.

. Pons R, Carrozzo R, Tein 1, et al. Deficient muscle carnitine trans-

port in primary carnitine deficiency. Pediatr Res 1997,42:583-7.

_ Garcia-Alvarez M, Nordli DR, De Vivo DC. Inherited metabolic

disorders. In: Engel J Jr, Pedley TA, eds. Epilepsy. a comprehen-
sive textbook. Philadelphia: Lippincott Raven, 1997:2547-62.

. Morita J. Yuge K, Yoshino M. Hypocarnitinemia in handicapped

individuals who receive a polypharmacy of antiepileptic drugs.
Neuropediatrics 1986;17:203-5.

. Laub MC, Paetzke-Brunner I, Jaeger G. Serum carnitine during .

valproic acid therapy. Epilepsia 1986:27:559-62.

. Melegh B, Kerner J, Kispal G, Acsidi G, Dani M. Effect of chronic

valproic acid treatment on plasma and urinary carnitine levels in
children: decreased urinary excretion. Acta Paediatr Hung 1987,
28:137-42.

. Rodriguez-Segade S, Alonso de la Pefia C, Tutor JC, et al. Carni-

tine deficiency associated with anticonvulsant therapy. Clin Chim
Acta 1989;181:175-82.

. Beghi E, Bizzi A, Codegoni AM, Trevisan D, Torri W, and the

Collaborative Group for the Study of Epilepsy. Valproate, carnitine
metabolism, and biochemical indicators of liver function. Epilep-
sia 1990;31:346-52.

. Hug G, McGraw CA. Bates SR, Landrigan EA. Reduction of se-
rum carnitine concentrations during anticonvulsant therapy with

phenobarbital, valproic acid, phenytoin, and carbamazepine in
children. J Pediatr 1991;119;799-802.

. Opala G, Winter S, Vance C, Vance H, Hutchison HT, Linn LS.

The effect of valproic acid on plasma carnitine levels. Am J Dis
Child 1991:145:999-1001.

. Winter SC, Szabo-Aczel S, Curry CJR, Hutchinson HT. Hogue R,

Shug A. Plasma carnitine deficiency: clinical observations in 51
pediatric patients. Am J Dis Child 1987;141:660-5.

. Stumpf DA, Parker WD Jr, Angelini C. Camnitine deficiency, or-

ganic acidemias, and Reye’s syndrome. Neurology 1985;35:1041-
5

. Ohtani Y, Endo F, Matsuda 1. Carnitine deficiency and hyperam-

monemia associated with valproic acid therapy. J Pediarr 1982;
101:782-5.

. Matsuda 1, Ohtani Y. Carnitine status in Reye and Reye-like syn-

dromes. Pediatr Neurol 1986:2:90-4.

. Coulter DL. Carnitine deficiency: a possible mechanism for val--

proate hepatotoxicity {Letter]. Lancer 1984:1:689.

. Coulter DL. Carnitine, valproate, and toxicity. J Child Neurol

1991:6:7-14.

. Béhles H, Richter K, Wagner-Thiessen E, Schifer H. Decreased

serum carmitine in valproate induced Reye syndrome. Eur J Pedi-
arr 1982:139:185-6.

. Murphy JV, Marquardt KM, Shug AL. Valproic acid associated

abnormalities of carnitine metabolism. Lancer 1985;1:820-1.

. Bohan TP, Roe CR, Rogers P, Vance C, Linn L. Valproate and

carnitine [Abstract]. Ann Neurol 1991;30:491.

. Igarashi N, Sato T, Kyouya S. Secondary carnitine deficiency in

handicapped patients receiving valproic acid and/or elemental diet.
Acta Paediatr Jpn 1990;32:139-45.

. Murphy JV, Marquardt KM, Shug A. Plasma and urine carnitine

concentrations in patients receiving valproic acid [Abstract]. Pe-
diarr Res 1984;18:380A.

Epilepsia, Vol. 39, No. 11, 1998

23.
24,

25.

30.

31

32.

33

34.

3s.
36.
37.
38.

39.

40.

41.

42.

43.

45.

46.

47.

D.C. DE VIVO ET AL

Shapira Y. Gutman A. Muscle carnitine deficiency in patients us-
ing valproic acid. J Pediatr 1991;118:646-9.

Coulter DL. Carnitine deficiency in epilepsy: risk factors and treat-
ment. J Child Neurol 1995;10(suppl):2532-9.

Millington DS, Bohan TP, Roe CR, Yergey AL, Liberato DIJ.
Valproylcarnitine: a novel drug metabolite identified by fast atom
bombardment and thermospray liquid chromatography-mass spec-
trometry. Clin Chim Acta 1985;145:69-76.

. Stanley CA. Berry GT, Treem WR. Differences in the evolution of

carnitine deficiency among secondary carnitine deficiency disor-
ders. In: Proceedings of the Sth International Congress on Inborn
Errors of Metabolism. Asilomar, CA, June 1-5, 1990 (Abstract
W17.10.)

. LiJ. Norwood DL. Mao L-F, Schulz H. Mitochondrial metabolism

of valproic acid. Biochemistry 1991;30:388-94.

. Tein 1. Xie ZW. Reversal of VPA-induced impairment of carnitine

uptake in cultured human skin fibroblasts. Biochem Biophys Res
Commun 1994;204:753-8.

. Kesterson JW. Granneman GR, Machinist JM. The hepatotoxicity

of valproic acid and its metabolites in rats. 1. Toxicologic, bio-
chemical and histopathologic studies. Hepatology 1984;4:1143-
s2.

Haas R, Stumpf DA, Parks JK. Eguren L. Inhibitory effects of
sodium valproate on oxidative phosphorylation. Neurology 1981;
31:1473-6.

Becker C-M. Harris RA. Influence of valproic acid on hepatic
carbohydrate and lipid metabolism. Arch Biochem Biophys 1983;
223:381-92.

Turnbull DM, Bone AJ, Bartlett K, Koundakjian PP, Sherratt HSA.
The effects of valproate on intermediary metabolism in isolated rat
hepatocytes and intact rats. Biochem Pharmacol 1983;32:1887-92.
Benavides J, Martin A, Ugarte M, Valdivieso F. Inhibition by
valproic acid of pyruvate uptake by brain mitochondria. Biochem
Pharmacol 1982;31:1633-6.

Rogiers V, Vandenberghe Y, Vercruysse A. Inhibition of gluco-
neogenesis by sodium valproate and its metabolites in isolated rat
hepatocytes. Xenobiotica 1985;15:759-65.

Gerber N, Dickinson RG, Harland RC, et al. Reye-like syndrome
associated with valproic acid therapy. J Pediatr 1979;95:142-4.
Asconape J1, Penry JK, Dreifuss FE, Riela A, Mirza W. Valproate-
associated pancreatitis. Epilepsia 1993:34:177-83.

Bryant AE III, Dreifuss FE. Valproic acid hepatic fatalities. IIl.
U.S. experience since 1986. Neurology 1996;46:465-9.

Dreifuss FE. Langer DH. Hepatic considerations in the use of
antiepileptic drugs. Epilepsia 1987:28(suppl 2):823-9.

Ater SB, Benefield WH, Saklad JJ, Saklad SR. A developmental
center population treated with VPA and L-camitine. In: Update
1993: inbom errors of metabolism in the patient with epilepsy.
Sigma-Tau Pharmaceuticals; 1993.

Coulter DL. Carnitine, valproate and toxicity. J Child Neurol 1991;
6:7-14.

Dreifuss FE. Santilli N, Langer DH, Sweeney KP, Moline KA,
Menander KB. Valproic acid hepatic fatalities: a retrospective re-
view. Neurology 1987:37:379-85.

Dreifuss FE, Langer DH, Moline KA, Maxwell JE. Valproic acid
hepatic fatalities: I1. U.S. experience since 1984. Neurology 1989;
39:201-7.

Bohan TP, Helton E. McDonald 1. et al. Efficacy of L-camitine
treatment for valproate-induced hepatotoxicity. Submitted to New
Engl J Med, 1997.

. Schigdt FV, Rochling FA, Casey DL, Lee WM. Acetaminophen

toxicity in an urban county hospital. N Engl J Med 1997;337:11 12~
7.

Prescott LF, Illingworth RN, Critchley JAJH, Stewart M, Adam
RD, Proudfoot AT. Intravenous N-acetylcysteine: the treatment of
choice for paracetamol poisoning. Br Med J 1979;2:1097-100.
Zelnik N, Fridkis §. Gruener N. Reduced carnitine and antiepileptic
drugs: cause relationship or co-existence? Acta Paediatr 1995:;84:
93-5.

Camina MF. Rozas I, Gémez M. Paz JM, Alonso C, Rodriguez-
Segade S. Short-term effects of administration of anticonvulsant
drugs on free carnitine and acylcarnitine in mouse serum and tis-
sues. Br J Pharmacol 1991:103:1179-83.



48.

49.

50.

51

52,

53.

54.

55.

56.

57.

58.

59.

60.

L-CARNITINE: CHILDHQOD EPILEPSY

Prasad AN, Stafstrom CE, Holmes GL. Alternative epilepsy thera-
pies: the ketogenic diet, immunoglobulins, and steroids. Epilepsia
1996:37(suppl 1):S81-95.

Nordli DR Jr, De Vivo DC. The ketogenic diet revisited: back to
the future. Epilepsia 1997,38:743-9.

Wheless JW. The ketogenic diet: fa(c)t or fiction [Editorial]. J
Child Neurol 1995;10:419-23.

Appleton DB, De Vivo DC. An animal model for the ketogenic
diet. Epilepsia 1974;15:211-7.

Kinsman SL, Vining EPG, Quaskey SA, Mellits D, Freeman JM.
Efficacy of the ketogenic diet for intractable seizure disorders:
review of 58 cases. Epilepsia 1992;33:1132-6.

De Vivo DC, Leckie MP, Ferrendelli JS, McDougal DB. Chronic
ketosis and cerebral metabolism. Ann Neurol 1978:3:331-7.
Withrow CD. The ketogenic diet: mechanisms of anticonvulsant
action. In: Glaser GH, Penry JK, Woodbury WM, eds. Antiepilep-
tic drugs: mechanisms of action. New York: Raven Press, 1980:
635-42.

Hori A, Tandon P, Holmes GL, Stafstrom CE. Ketogenic diet:
effects on expression of kindled seizures and behavior in adult rats.
Epilepsia 1997;38:750-8.

Nordli DR, Koenigsberger D, Carroll J, De Vivo DC. Successfut
treatment of infants with the ketogenic diet [Abstract]. Ann Neurol
1995:38:523.

Wexler ID, Hemalathu SG, McConnell J, et al. Qutcome of pyru-
vate dehydrogenase deficiency treated with ketogenic diets: studies
in patients with identical mutations. Neurology 1997;49L1655-61.
Freeman JM, Vining EPG, Swink TD, Casey JC, Kelly MT. Ef-
fectiveness of the ketogenic diet in difficult to control seizures: 150
consecutive cases followed up more than 6 months {Abstract].
Epilepsia 1997;38(suppl 8):194.

Rutledge SL, Geraghry MT, Vining EPG, Thomas G. Hypocar-
nitemia and the ketogenic diet. Ann Neurol 1989;26:472.
Demeritte EL, Ventimiglia J, Coyne M, Nigro MA. Organic acid
disorders and the ketogenic diet [Abstract]. Ann Neurol 1996:40:
305.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

1225

Chez MG, Buchanon C, Kessler J, Demski P, Wagner E. Carnitine
deficiency in patients starting the ketogenic diet {Abstract]. Neu-
rology 1997,48:A110.

Hunt PA, Pellock NM. Letter to the editor. Pediatrics 1995:96:
1175.

Vance CK, Vance WH, Winter SC, Opala G, Szabo A. Control of
valproate-induced hepatotoxicity with carnitine [Abstract]. Ann
Neurol 1989;26:456.

Coulter DL, Allen RJ. Hyperammonemia with valproic acid
therapy. J Pediatric 1981;99:317-9.

Rawat §, Borkowski WJ Jr, Swick HM. Valproic acid and second-
ary hyperammonia. Neurology 1981;31:1173-4.

Freeman JM, Vining EPG, Cost S, Singhi P. Does carnitine ad-
ministration improve the symptoms attributed to anticonvulsant
medications? A double-blinded, crossover study. Pediatrics 1994;
93:893-5.

Coulter DL. Carnitine and anticonvulsant drugs. In: Perucca E, ed.
L-Carnitine in the pharmacotherapy of epilepsy. Milan, Italy: Adis
International, 1994:9-15.

Borum PR. Carnitine in neonatal nutrition. J Child Neurol 1995;
10(2):2825-31.

Vockley J. The changing face of disorders of fatty acid oxidation.
Mayo Clin Proc 1994;69(3):249-57.

Mak IT, Kramer JH, Weglicki WB. Potentiation of free radical-
induced lipid peroxidative injury to sarcolemmal membranes by,
lipid amphiphiles. J Biol Chem 1986;26:1153-7.

Inoue D, Pappano Al. L-Palmitoylcarnitine and calcium ions act
similarly on excitatory ionic currents in avian ventricular muscle.
Circ Res 1983;52:625-34.

Spedding M. Activators and inactivators of Ca*™ channels: new
perspectives. J Pharmacol (Paris) 1985;16:319-43.

Spedding M, Mir AK. Direct activation of Ca®* channels by pal-
mitoy! carnitine, a putative endogenous ligand. Br J Pharmacol
1987;92:457-68.

Epilepsia, Vol. 39, No. 11, 1998



