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1. Introduction

Glutamate, the major excitatory neurotransmitter in the mam-
malian central nervous system, activates both ion-channel-forming
(ionotropic) and G-protein-coupled (metabotropic) glutamate
receptors (GluRs). Pharmacological and molecular techniques have
been used to identify a large variety of ionotropic and metabotropic
GluRs. Ionotropic GluRs can be grouped into the following cate-
gories according to their agonist selectivity and sequence homol-
ogy: a-amino-3-hydroxy-5-methyl-4-isoxazole propionate-type
receptors (GluRa), N-methyl-p-aspartate (NMDA)-type receptors
(GluR{, GluRy, and GluRe), kainate receptors (GluR@ and GluRy),
and GluR32. Within these GluRs, autoantibodies to NMDA-type
GluR have recently been recognized as biomarkers for non-herpetic
acute limbic encephalitis (NHALE) [1]. Indeed, the autoantibody to
GluRe2 has been detected in patients with NHALE, who typically
show psychiatric symptoms. However, the cerebellar symptoms
associated with autoantibodies to GluR have not been empha-
sized in the literature. We herein report a rare case of acute limbic
encephalitis with cerebellar symptoms associated with autoanti-
bodies to GluRe2 and 82.

* Corresponding author at: Department of Internal Medicine, Showa University
Northern Yokohama Hospital, 35-1 Chigasaki-chuo Tsuzuki, Yokohama, Kanagawa
224-8503, Japan. Tel.: +81 45 949 7845; fax: +81 45 949 7927,

E-mail address: kinno@med.showa-u.ac,jp (R. Kinno).
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2. Case report

A36-year-old woman had lower back pain with fever, and 2 days
later presented with a flat mood. She consulted our department 4
days after the onset of emotional disturbances. On admission, her
temperature was 38.7 °C; other vital signs and general examination
were normal. Cranial nerve examination revealed no abnormalities.
Seizure-like movements of the extremities were observed. No cere-
bellar sign was detected. Her muscle power was full, with normal
tendon reflexes. No sensory deficits or evidence of meningeal signs
were observed. Her blood examination was notable for a mildly ele-
vated in white blood cell count (12,750/uL with 83% neutrophils).
A cerebrospinal fluid (CSF) examination showed a mild elevation
in cell count of 21/pL (95% lymphocytes) with normal glucose
level (75 mg/dL) and protein level (26 mg/dL). Both the oligoclonal
immunoglobulin G (IgG) band and myelin basic protein were neg-
ative. Brain magnetic resonance imaging (MRI) showed no abnor-
malities. After admission, she progressively lost consciousness and
a generalized seizure followed, which was resolved by propofol. An
electroencephalogram showed slow-wave abnormalities (2-6Hz
polymorphic delta and theta activity) without epileptic activ-
ity. Mechanical ventilation was required because she developed
hypoventilation. On day 7, brain MRI showed a hyperintense area
in the right insula on a fluid attenuated inversion recovery (FLAIR)
image (Fig. 1A) and in the cerebellum on a diffusion weighted image
(DWI). Abdominal MRI showed no abnormalities, including ovar-
ian teratoma. Aciclovir 10 mg/kg body weight every 8 h was started
for possible herpes simplex virus (HSV) encephalitis. IgG and IgM



482 R. Kinno et al. / Clinical Neurology and Neurosurgery 115 (2013) 481-483

On Day 7

B

C

Fig. 1. Serial MRI of the patient. (A-C) MRI finding on day 7. The hyperintense area in the right insula (white arrow) was observed on a FLAIR image (A), and the hyperintense
area in the cerebellum was observed on a DWI (B, C). (D~F) MRI findings on day 56. There were no abnormalities in MRI findings.

antibodies to HSV were negative in both the CSF and serum, and
aciclovir was discontinued. Tests for autoantibodies to GluR 82 and
£2 were positive in the CSF (sampled on day 3) (Table 1).

We subsequently performed plasma exchange for possible
autoimmune limbic encephalitis. After the fifth plasma exchange
(on day 30), the patient gradually regained consciousness and
the generalized seizures subsided, allowing the discontinuation
of propofol. However, she subsequently presented with cerebellar
signs. She exhibited ocular overshoot, gaze-evoked nystagmus, and
dysarthria with scanning speech. There was severe limb and truncal
ataxia with intention tremor. Finger-to-nose and heel-to-knee test
showed mild dysmetria and decomposition of limbs. Muscle tone
was hypotonic; and deep tendon reflexes were normal. She could
not sit upright or maintain an erect posture without support due
to severe cerebellar symptoms. After the seventh plasma exchange,
her neurological complications were resolved, and she becarme able
to sit upright or maintain an erect posture without support. On day
56, a brain MRI showed no apparent abnormities in either the insula
(Fig. 1D) or the cerebellum (Fig. 1E and F). We made a diagnosis
of acute limbic encephalitis with cerebellar symptoms associated
with autoantibodies to GIuR32 and &2. She was discharged on day
73.

3. Discussion

To our knowledge, this is the first case of acute limbic encephali-
tis with cerebellar symptoms associated with autoantibodies to
GluR&2 and GluRe2. Our case started with prodromal symptoms,
followed by early symptoms like emotional disturbances, fever and
movement disorders. Later on, she developed loss of conscious-
ness, seizures and hypoventilation. These clinical features resemble
those reported in association with anti-NMDA receptor (NMDA-R)
encephalitis. Previous studies suggested that NMDA-R encephalitis
is associated with the autoantibody to the NR1-NR2 heteromers
(GluR{1/GluRe2), and the main epitope targeted by this autoan-
tibody is in the extracellular N-terminal (NT) domain of the NR1
or NR2 subunits [1]. The autoantibody to GluRe2-NT2 was posi-
tive in our case (Table 1) while the autoantibody to the NR1-NR2
heteromers was not detected. The cerebellar symptoms became
clinically evident after this classical pattern of NMDA-R encephali-
tis disappeared. The CFS and MRI findings in our case suggest that
cerebellar symptoms become visible after other symptoms resolve.
Taken these findings together, it is supposed that acute limbic
encephalitis with cerebellar symptoms is an atypical form of anti-
NMDA-R encephalitis.

Table 1
Optical density of antibody to GluR.
GluRe2-NT2 GluRe2-CT1 GIluR32-NT GluR82-CT
CFS 0.823 (0.162+0.055) 0.909 (0.189+0.061) 0.961 (0.172+0.086) 0.847 (0.261 +0.100)
Serum 0.346 (0.432+£0.133) 0.517 (0.556 +0.140) 0.502 (0.583+0.148) 0.817 (0,638 £0.202)

Optical densities assessed by ELISA are shown (mean = standard deviation for control data).
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Regarding the relationship between the cerebellum and GluR,
it is known that GluRd2 is expressed predominantly in cerebellar
Purkinje cells and plays a crucial role in cerebellar functions [2}. In
addition, a previous study suggested that 6% of NMDA-R encephali-
tis had MRI-abnormalities of the cerebellum, although cerebellar
symptoms have not been noted in the literature [1)}. In contrast to
GluR32, the expression of GluRe2 mRNA is restricted to the fore-
brain including the cerebral cortex and limbic system after birth,
and GluRe2 is associated with memory and learning [3]. We thus
inferred that the cerebellar symptoms were associated with the
autoantibody to GIuR82. Our case provides clinical evidence for the
anatomical and functional significance of GluR32 for the cerebel-
lum. Further studies should establish the relation between deficits
in cerebellar functions and the autoantibody to GluR32.

Recent literature has reported a case of anti-NMDA-R encephali-
tis presenting with cerebellar symptoms such as scanning speech,
square-waves jerks on ocular pursuit, bilateral hypermetria, and
gait ataxia {4]. In that case, tests for autoantibodies to NMDA-R
were positive in the serum. It was notable that, as in our case,
the cerebellar symptoms became clinically evident only after the
patient regained consciousness. The authors concluded that the
cerebellar symptoms observed in that case could be explained by a
disabling action on glutamate NMDA-R by the antibody to NMDA-R.
However, the significance of the autoantibody to GluR32 in NHALE
presenting with cerebellar symptoms was not emphasized in this
report. Therefore, our case is a novel one that may have important
implications: namely, that the autoantibody to GluR32 is critical for
cerebellar symptoms in NHALE including anti-NMDA-R encephali-
tis.

It has been supposed that immunotherapy such as plasma
exchange, corticosteroids, and intravenous immunoglobulin (IVIg)
is an effective therapy for NMDA-R encephalitis [1]. A recent
study suggests starting with IVIg or plasma exchange, combined
with steroids. If no proper reaction is seen in 10-14 days, they
suggest continuing with secondary therapy like rituximab or
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cyclophosphamide [5]. Indeed, our case showed relatively rapid
recovery from her neurological complications after the seventh
plasma exchange, although there was no apparent malignancy on
clinical examination. These observations suggest the effectiveness
of plasma exchange for resolving cerebellar as well as psychiatric
symptoms, although spontaneous improvement cannot be com-
pletely ruled out.

4. Conclusion

We report a case of acute limbic encephalitis having cerebellar
symptoms associated with autoantibodies to GIluR32 and GluRe2.
Acute limbic encephalitis with cerebellar symptoms is presumably
an atypical form of anti-NMDA-R encephalitis. Extensive assess-
ments of cerebellar symptoms would be valuable for planning
effective rehabilitation programs for these patients.
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Genomic copy number aberrations often cause neurological
impairments from the early infantile period, thereby resulting in
developmental delay, intellectual disability, epilepsy, and other
impairments [Lee and Lupski, 2006]. Chromosomal analysis is
therefore the routine diagnostic examination for patients with
neurological disorders. Chromosomal duplications of the 2q33
region are rare; only 13 cases of patients having duplications of
the 2q33 region have been reported previously (Table I, Fig. 3)
[Couturier et al., 1977; Dennis et al., 1978; Schumacher et al., 1983;
Ramer et al., 1990; Romain et al., 1994; Barnicoat et al., 1997; Matos
et al., 1997; Lukusa et al., 1999; Seidahmed et al., 1999; Bird and
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Mascarello, 2001; Slavotinek et al., 2003; Sebold et al, 2005;
Elbracht et al., 2009]. The phenotypic features commonly observed
in patients with 2q33 duplications are developmental delay and
constellations of minor anomalies.

Werecently investigated a patient with intellectual disability and
epilepsy associated with a chromosomal duplication of
2@32.1—g33.3. The genes that may be related to the phenotypic
features of this patient, and the mechanism underlying this patient’s
interstitial chromosomal duplication are discussed in this report.

MATERIALS AND METHOUS

Patient Report

A 5-year- and 9-month-old boy (DECIPHER #TWM264219;
https://decipher.sanger.ac.uk/) is the second child of healthy and
genetically unrelated father and mother, age 40 and 28 years,

Additional supporting information may be found in the online version of
this article.
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respectively. He has a healthy sister who is 2 years older to him. His
family history and the findings during the pregnancy period were
unremarkable. He was born by normal delivery at 39 weeks of
gestation. His birth weight was 2,988 g (—0.5 SD), length was
50.7cm (+0.6 SD), and occipito-frontal circumference (OFC)
was 32.0 cm (+1.1 SD). His development was delayed, with head
control attained at 9 months, sitting posture at 11 months, and his
first steps were taken at 52 months. Conventional karyotyping was
performed at the age of 1 year because of his developmental delay.
The results indicated 46,XY,ins(2:2)(g33;?). Because his parents
showed normal karyotypes, the patient’s chromosomal rearrange-
ment was a de novo occurrence.

Attheage of 25 months, the patienthad a complex partial seizure.
After this episode, similar seizures were observed multiple times,
and they became more frequent after the age of 38 months. His
seizures were easily triggered by high fever. Initial treatment with
carbamazepine (CBZ) did not cause complete sedation, and similar
seizures recurred on a near-weekly basis after 57 months of age.

At the age of 5 years and 9 months, the patient was admitted to
our facility for better seizure control. At that time, his weight was

'18.7 kg (+0.2 SD), height was 108.3 cm (+0.1 SD), and OFC was
50.0cm (—0.9 SD). He exhibited severely delayed psychomotor
development, spoke no meaningful words, and had a staggering
gait. His activities of daily living were at the level of a 1-year-old

‘broadn
mildly educed volume of the frontal region IColor ﬁg re cani be se
juumal/ajmga] ,

child: using diapers and requiring full assistance for eating, cloth-
ing, and bathing. Autistic behavior was noted with respect to poor
eye contact and stereotyped behavior. His facial features included
hypertelorism, a depressed nasal bridge, broad nose, high palate,
low-set ears, short neck, micrognathia, and bilateral clinodactyly of
the fifth digit (Fig. 1A,B). Ophthalmological and otolaryngological
examinations revealed no abnormalities. Brain magnetic resonance
imaging (MRI) revealed a mildly hypoplastic cerebrum (Fig. 1C,D).
Single-photon emission computed tomography with N-isopropyl-
[***1)-p-iodoamphetamine (IMP-SPECT) showed hypoperfusion
of the left frontal lobe (See Supplemental eFig. S1 in Supporting
Information online). There were no abnormal findings in chest and
abdominal ultrasonography. The results of the routine laboratory
examinations were unremarkable. An electroencephalogram (EEG)
taken during sleep showed left side-predominant spike and wave
complexes (Supplemental eFig. S2 in Supporting Information
online). After initiation of valproic acid (VPA), the clinical seizures
disappeared.

Flusrescence In-Situ Hybridization {FISH

Although his initial conventional karyotyping showed chromo-
somal abnormalities, the origin of the duplicated segment

nthe cnllne versio of this , mcl&, availableyat http: //wilegonlinelihrarg com/
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was undetermined. We therefore re-examined his karyotype by
chromosomal microarray testing using the Agilent SurePrint G3
Hmn CGH 60K Oligo Microarray Kit (Agilent Technologies, Santa
Clara, CA), according to the method described in previous
studies[Shimojima et al., 2010, 2011, 2009]. FISH analysis
using BAC clones selected from the UCSC Genome Browser
(http://genome.ucsc.edu/) was performed as previously described
[Shimojima et al., 2010, 2011, 2009].

ey, v e oF.
BESULTS

gwfk

The gain of the genomic copy numbers was confirmed by chromo-
somal microarray testing indicated by arr 2q32.1¢33.3-
(189,162,857—208,631,364) x 3dn (Fig. 2A,B) with a size of

19.5Mb. FISH analyses using two BAC clones—RP11-655A7 at
2q32.2 as the target and RP11-664N22 at 2p25.3 as a marker for
chromosome 2—confirmed duplicated signals in the same chro-
mosome 2 (Fig. 2C). Then, to confirm the direction of the dupli-
cated segment, further FISH analysis using 2 BAC clones in the
duplicated region—RP11-655A7 at 2q32.2 and RP11-1716 at
2q33.3—was performed, and a tandem configuration of the dupli-
cated segment was detected (Fig. 2D).

s

DISCUSSION

In this study, we identified a rare chromosomal duplication of
2@32.1~g33.3 in a patient with psychomotor developmental delay
and epilepsy. Previously, only 13 cases of patients have been

Workhenchvers 5 {Agilenﬂ'ec s
RP11-644N22 at 2p25.3 labeled with !

analysis using 2 BAC clones——RPii
green--confirms a tandem configuratinn of the
available at http://wileyonlinelibrary com/joumal/ajmga]

Gene view (B inAgilent Genomic
ctrum Green as the target and
chromosome 2 {srrow head; C]. Further FISH

2q32 2 labalad with spectrum orange and RP11-1716 at 2q33.3 Iabeled with spectrum
plicated segmenta {srrows; D). [Color figure can be seen in the online version of this article,
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FIG. 3. Schematic representation of the previously reported duplications of 2q. The black bar and gray bar indicate certain and uncertain regions of the
dupll¢a$idns, respectively. The red bar indicates the duplicated region, as confirmed by chromosomal microarray testing. The biue rectangles indicate
the locations of the indicated genes. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/

ajmga]

reported with the duplications of this region (Table I, Fig. 3)
[Couturier et al.,, 1977; Dennis et al., 1978; Schumacher et al,
1983; Ramer et al., 1990; Romain et al., 1994; Barnicoat et al., 1997;
Matos et al., 1997; Lukusa et al., 1999; Seidahmed et al., 1999; Bird
and Mascarello, 2001; Slavotinek et al., 2003; Sebold et al., 2005;
Elbracht et al., 2009]. The phenotypic features commonly observed
in these patients are developmental delay and constellations of
minor anomalies.

Intriguingly, the duplicated chromosomal region in our patient
was reciprocal to the 2q32—q33 deletion syndrome reported by Van
Buggenhout et al. [2005]. There are some reports of the chromo-
somal deletion 0f2q31-2q33 [Mencarelli et al., 2007; Pronteraetal.,
2009]. Among them, the most frequently overlapped region was the
2q33.1 region, in which the SATB homeobox 2 gene (SATB2) was
located. SATB2 is a DNA-binding protein that regulates chromatin
organization, and it is expressed in the cortical projection neurons
in the developing brain [Alcamo et al., 2008]. A previous study
showed that SATB2 has expressed predominantly in the upper layer
of the cortex [Britanova et al., 2008]. SATB21is now known to be the
gene responsible for the phenotype 0£2q32-q33 deletion syndrome,
manifesting in intellectual disability, neurological features includ-
ing epilepsy, and cleft lips [Britanova et al., 2006; Rosenfeld et al.,
2009].

Many of neurodevelopmental disorders can be caused by geno-
mic rearrangements resulting in altered gene dosage through either
deletion or duplication of dosage-sensitive gene(s) contained with-
in the rearranged genomic interval [Lee and Lupski, 2006; Gu and
Lupski, 2008]. The majority of such neurodevelopmental features
stem from genomic copy number changes of only a single gene
included in the region. The patients with genomic copy number loss

and gain of 17p11.2 are recognized as Smith—Magenis syndrome
(SMS) and Potocki—Lupski syndrome (PLS) patients, respectively,
and the gene primarily responsible for both syndromes is known as
the retinoic acid induced 1 gene (RAII), indicating that RAIl is a
dosage-sensitive gene. Similarly, many other microdeletions and
their reciprocal duplications are known to be the cause of neuro-
developmental disorders [Lee and Lupski, 2006; Gu and Lupski,
2008]. Thus, genes may be dosage-sensitive if clinical manifesta-
tions are observed in the case of their haploinsufficiency. Because
the loss of function of SATB2 is responsible for neurological
manifestations, we suspected that a gain of SATB2 copy number
may contribute to the neurological manifestations in this patient.

The duplicated region of this patient includes more than 100
genes, including SATB2. The other potential candidate genes that
may contribute to the phenotype of this patient are the potassium
channel tetramerisation domain-containing 18 gene (KCTDI18)
and the ADAM metallopeptidase domain 23 gene (ADAM?23).
Because ADAM?23 is highly expressed in the brain, it may have
some functional relevance to neurological features [Sagane et al.,
1998]. We should accumulate more information for a better
understanding of the genotype—phenotype correlation of 2¢33
duplication.

Regarding the mechanisms of 2q duplications, previously
reported patients showed the following four types of chromosomal
rearrangements (Table I): (1) four patients, including the present
patient, showed de novo occurrences of intra-chromosomal inter-
stitial duplication of 2q and (2) five patients showed segmental 2q
duplications derived from parental balanced insertions into other
chromosomes. Unlike these two mechanisms, the other two mech-
anisms were characteristic of the subtelomere region: (3) three
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patients showed inverted-duplication-deletion of 2q as a conse-
quence of U-fiber exchanges [Rowe et al., 2009; Zuffardi et al., 2009]
and (4) the remaining patients exhibited a partial trisomy that
included the 2q33 region as a consequence of parental balanced
translocation. Although the previously reported duplications that
occurred as de novo intra-chromosomal duplications were not
analyzed for the relative directions of the duplicated segments, the
FISH analyses in this study revealed that the duplicated segments
were aligned in the tandem configuration. This result is in agreement
with that of our previous study in which we observed that duplicated
segments as the interstitial duplications are generally inserted in the
tandem configurations [Shimojima et al., 2009, 2010].
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SUMMARY

Purpose: To identify risk factors for hyperammonemia in
pediatric patients with epilepsy. :
tMethods: A total of 2,944 pediatric patients (ages 0-
I5 years) were classified into the following three groups: a
group without drug treatment (n = 445, group 1), a group
receiving antiepileptic drugs other than valproic acid
(YPA) (n =673, group Ill), and a VPA-treated group
(n = 1,826, group lll). Hyperammonemia was defined asa
plasma ammonia level exceeding 100 pg/dl with reference
to the standard range and previous reports.

11l was 36.0, 56.0, and 86.8 pg/dl, respectively, and the inci-
dence of hyperammonemia was 1.6%, 7.7%, and 31.7%,
respectively. In each group, the mean ammonia level of
patients aged 3 years or younger was significantly higher
than that of patients aged 4-15 years. In group Hll, concom-
itant use of topiramate and zonisamide were risk factors
for hyperammonemia (adjusted odds ratio [OR] 3.9, 95%
confidence interval [CI] 1.7-9.2, and OR 3.5, 95% CI 1.9-

6.5, respectively). In group Ili, the ammonia level
increased in a YPA dose-dependent manner. At a VPA
dose of 30 mg/kg, there was 4.3-fold increase in the inci-
dence of hyperammonemia. The other significant risk fac-
tors identified were female gender (OR 1.3, 95% CI 1.0—
1.6), symptomatic generalized epilepsy (OR 1.4, 95% Cl
1.1-1.8), and the concomitant use of phenytoin (OR 4.7,
95% Cl 3.3-6.9), phenobarbital (OR 2.2. 95% CI 1.6-3.2),
acetazolamide (OR 6.6, 95% CI 2.5-17.2), topiramate, or
zonisamide.

cargagi‘g_;ﬁhydrase inhibitors are associated with an
increased risk of hyperammonemia regardless of
whether the patient is taking VPA. In patients receiving
VPA, concomitant use of phenytoin and/or pheno-
barbital enhances the risk of hyperammonemia. An
increase in ammonia can be caused by multiple factors.
Our results may help clinicians to avoid problems of
hyperammonemia.

KEY WORDS: Hyperammonemia, Epilepsy, Children,
Risk factor, Yalproic acid, Phenytoin.

Hyperammonemia is a frequent problem associated with
antiepileptic drugs (AEDs) that can lead to vomiting,
aggression, ataxia, and exacerbation of seizures. Acute
hyperammonemia can also cause cerebral edema and
severe brain damage (encephalopathy), whereas chronic
hyperammonemia due to metabolic disorders is associated
with developmental delay and intellectual disability
(Cagnon & Braissant, 2007; Lichter-Konecki, 2008).
Among the AEDs, valproic acid (VPA) is recommended as
a first-line treatment for generalized epilepsy. Although
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VPA can cause an increase of the blood ammonia level,
VPA therapy is rarely associated with hyperammonemic
encephalopathy.

The exact relationship between symptoms and the ammo-
nia level remains unclear. Murphy and Marquardt (1982)
reported that patients with hyperammonemia not exceeding
240 pg/dl were asymptomatic. In contrast, Coulter and
Allen (1981) recommended reducing the VPA dose when
the ammonia level exceeded 100 pg/dl. Our data (see later)
indicate that hyperammonemia is common, but clinicians
may be unaware of it and may attribute the clinical conse-
quences to other causes.

Our previous study established that high-dose VPA ther-
apy, concomitant use of hepatic enzyme inducers, and
concomitant use of topiramate (TPM) were risk factors for an
increase of the blood ammonia level in adult patients with
epilepsy who were treated with VPA (Yamamoto et al.,
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2012). There have also been some reports regarding the risk
of hyperammonemia in pediatric patients with epilepsy
(Coulter & Allen, 1981; Batshaw & Brusilow, 1982; Murphy &
Marquardt, 1982; Ohtani et al., 1982; Haidukewych et al.,
1985; Laub, 1986; Iinuma et al., 1988; Thom et al., 1991;
Kondo et al., 1992; Altunbasak et al., 1997; Sharma et al.,
2011). Verrotti et al. (1999) found that the VPA dose, the
duration of treatment, and polytherapy were associated with
hyperammonemia. In addition, Haidukewych et al. (1985)
and Sharma et al. (2011) reported that the blood concentra-
tion of VPA was correlated positively with the ammonia
level, but other studies have not detected a significant asso-
ciation. The number of subjects in most of these previous
studies was fewer than 100, which may have contributed to
the differing results. In addition, most of the previous studies
were conducted before 2000, so it remains unknown whether
new AEDs, such as zonisamide (ZNS), TPM, gabapentin,
lamotrigine, and levetiracetam, can increase the ammonia level.

VPA is metabolized mainly by uridine diphosphate
glucuronosyltransferases (UGTs) and partially via B-oxidation
and various cytochrome P450 (CYP) enzymes. Metabolites
of VPA, such as valpronyl-coenzyme A (CoA), propionate,
and 2-n-propyl-4-pentenoic acid  (4-en-VPA), reduce the
activity of enzymes involved in the urea cycle, resulting in
the accumulation of ammonia (Kondo et al., 1992; Verbiest
et al., 1992; Aires et al., 2011). Growth and development of
pediatric patients may influence the metabolism of VPA,
leading to age-related differences in the risk of hyperammo-
nemia. Altunbasak et al. (1997) reported that children youn-
ger than 2 years old had a higher risk of hyperammonemia
related to VPA therapy, but other authors have not found a
relationship between age and the blood level of ammonia.
This may be because patient background factors varied
widely among the studies. To identify risk factors for hyper-
ammonemia, a large-scale study of pediatric patients cover-
ing a wide age range is needed.

Although hyperammonemia is generally associated with
VPA, monotherapy with phenytoin (PHT), carbamazepine
(CBZ), primidone, or acetazolamide can occasionally
cause hyperammonemia (Ambrosetto et al., 1984; Katano
et al.,, 2002; Kim et al., 2007; Adams et al., 2009; Labib
et al., 2011). In addition, ZNS, TPM, acetazolamide, and
sulthiame inhibit carbonic anhydrase and block bicarbonate
re-uptake, so drug-induced metabolic acidosis could lead
to an increase of the blood ammonia level in patients
taking these AEDs. However, there is limited information
regarding the risk of elevation of the ammonia level due to
-AED therapy other than VPA.

In recent years, several reports have indicated that
generalized tonic—clonic (GTC) seizures can cause hyper-
ammonemia (Liu & Su, 2008; Yanagawa et al., 2008; Hung
et al., 2011; Liu et al., 2011). Therefore, it seems that an
increase of ammonia could be caused by multiple factors,
including those related to the patient’s profile, seizure
control, AED regimen, and drug doses. Accordingly, the

Epilepsia. 54(6), 983-989, 2013
doi: 10.1111/epi.12125

aim of the present study was to evaluate the risk factors and
prevalence of hyperammonemia among pediatric patients in
relation to their AED therapy.

METHODS

Subjects

This was a retrospective study of 2,944 pediatric patients
aged 0—15 years who consulted the National Epilepsy Cen-
ter (Shizuoka, Japan) from January 2006 to December 2011.
These patients were classified into three groups. Group I
was 445 patients with newly diagnosed or suspected
epilepsy or intellectual disability who had not received any
prior AED therapy. The other 2,499 patients were taking
AEDs including 673 patients treated with AEDs other than
VPA (group II) and 1,826 patients treated with VPA (group
IM). Patients with serious hepatic dysfunction (aspartate
aminotransferase or alanine aminotransferase >200 U/L),
metabolic disorders, or severe infections were excluded.
The study protocol was approved by the ethics committee of
our hospital (protocol No. 2012~11).

Venous blood samples were obtained from the patients at
2-6 h after a meal. Measurement of the plasma ammonia
level was done by the method described previously
(Yamamoto et al., 2012). If multiple measurements were
performed during the study period, the highest blood ammonia
level was used. If VPA was added or discontinued during
the study, we obtained two blood samples from the relevant
patient. At our hospital, the normal range of plasma ammo-
nia is 16-76 pg/dl. In this study, hyperammonemia was
defined as a plasma ammonia level exceeding 100 pg/dl
with reference to the above standard range and previous
Teports.

PHT, phenobarbital (PB), and CBZ are enzyme-inducing
drugs; in this study, they will be referred to as inducers.
Because primidone is converted to PB, we considered it to be
equivalent to PB. ZNS, TPM, acetazolamide, and sulthiame
were classified as carbonic anhydrase inhibitors (CAls).

Statistical analysis

Quantitative variables were analyzed by the unpaired
t-test or analysis of variance (ANOVA) with a post hoc
Scheffe’s multiple comparison test. Nominal variables were
analyzed by the chi-square test.

To extract the factors influencing the plasma ammonia
level, stepwise multiple regression analysis was performed
using the age, gender, type of epilepsy (classified as focal
epilepsy, idiopathic generalized epilepsy, symptomatic gen-
eralized epilepsy, or Dravet syndrome), and 14 AEDs (PHT,
CBZ, PB, TPM, ZNS, clobazam, clonazepam, nitrazepam,
acetazolamide, sulthiame, gabapentin, lamotrigine, leveti-
racetam, and ethosuximide) as the factors. In addition, the dose
of VPA was added to the multiple regression model in group
HI. Finally, multiple logistic regression analysis was per-
formed to calculate adjusted odds ratios for hyperammonemia,
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which was defined as a maximum ammonia level exceeding
100 or 150 pg/dl.

Results are expressed as the mean =+ standard error.
Statistical analyses were conducted with SPSS software Ver
19.0 (IBM Japan, Tokyo, Japan).

REsuLTS

Patient characteristics

Table 1 shows the 2,944 pediatric patients classified into
three groups based on their treatment. There was no differ-
ence in age among the three groups, but group I had the
highest percentage of males (60.4%). The mean ammonia
level of group I was 36.0 pg/dl, which was significantly
lower than that of the patients treated with AEDs (groups IT
and III). Among the 1,826 patients treated with VPA, 578
patients (31.7%) had ammonia levels >100 pg/dl and 110 of
these 578 patients (19.0%) required L-carnitine therapy. In
this study, symptoms of hyperammonemia were not investi-
gated in all of the patients, but 37 of 166 patients with
ammonia levels exceeding 150 pg/dl had symptoms such as
somnolence, lethargy, nausea, vomiting, and anorexia.

Epilepsy was classified as focal epilepsy in 1,492
(50.7%) patients, idiopathic generalized epilepsy in 168
(5.7%) patients, symptomatic generalized epilepsy in 523
(17.8%) patients, and Dravet syndrome in 108 (3.7%)
patients. Other categories were unclassified epilepsy, situa-
tion-related syndrome, and undiagnosed epilepsy type/
syndrome.

Influence of age

Figure 1 displays the plasma ammonia levels of the
patients classified into four age groups. The mean ammonia
level varied across the age groups (ANOVA: p < 0.001). In
all three treatment groups, patients aged from O to 3 years

had the highest ammonia levels of all age groups (Scheffe’s
test; p < 0.001). There was also a statistical difference
between patients aged 4-7 and 12—15 years in groups I and
I (p < 0.005).

Influence of AED monotherapy or combination therapy

Table 2 shows the effect of AED monotherapy on the
blood ammonia level. The mean ammonia levels in patients
receiving any type of monotherapy were significantly
higher than those of the untreated group. Among the induc-
ers, PHT monotherapy was associated with higher blood
ammonia levels despite the patients having the greatest
mean age, but there were no significant differences. The
mean ammonia level of patients taking CAls was signifi-
cantly higher than that of patients taking CBZ (p < 0.005),
and hyperammonemia was significantly more frequent
(chi-square test: p < 0.05).

Table 3 shows the blood ammonia levels of patients
receiving VPA monotherapy or VPA plus other AEDs. The
mean ammonia level of the patients on VPA plus AEDs was
significantly higher than that of those on VPA monotherapy,
but the combined effects of VPA and each AED were differ-
ent. Concomitant use of PHT, PB, or CAls was associated
with a significantly higher blood ammonia level compared
with concomitant CBZ. The combination of VPA plus PHT,
VPA plus PB, or VPA plus CAls was associated with a
higher incidence of hyperammonemia than the other AED
regimens (p < 0.001). In particular, concomitant use of
PHT was most likely to cause hyperammonemia exceeding
150 pg/dl

Relation between the ammonia level and the VPA dose
There was a significant positive correlation between

the plasma ammonia level and the dose of VPA in

the patients receiving VPA monotherapy (Pearson’s

Group | (non-AED group) Group Il (non-VPA group) Group Il (VPA group) p-Value
No. of patients 445 673 1,826
Gender (female/male) 176/269 310/363 848/978 <0.05
Age (years) 72 4+ 020 69 £ 0.17 7.0 £ 0.11 NS
Ammonia level (pg/dl) 36.0 £ 1.0+ 56.0 £ I.17 858 + 1.0 <0.001
>100 pg/dl 7 52 578 <0.001
>150 pg/dl | 5 160 <0.001
>200 pg/dl 0 0 42 <0.001
AED therapy
VPA dose (mg/kg) - - 214 £ 023
Concomitant AEDs
Hepatic enzyme inducers - 519 566 <0.005
Carbonic anhydrase inhibitors - 256 534 NS
Benzodiazepines - (86 483 NS
New AEDs - 106 209 NS
Other AEDs ~ 46 156 NS
Carbonic anhydrase inhibitors were zonisamide, topiramate, acetazolamide, and sulthiame. New AEDs were gabapentin, lamotrigine, and levetiracetam.
Benzodiazepines were clobazam, clonazepam, nitrazepam, and diazepam. Other AEDs were ethosuximide, bromide, stiripentol, and ethotoin.
Significance was determined by ANOVA, the unpaired t-test or the chi-square test, Scheffe’s post hoc test; *p < 0.001 versus group I, Tp < 0.001 versus group lil.
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120 Age (years)

Blo - 3

B4 - 7

Plasma ammonia level (ug/dl)

Group I Group IT

Group IIT

Figure 1.

Plasma ammonia level stratified by age. Significance was deter-
mined by ANOVA (p < 0.001) among groups |, Il, and lll. Scheffe’s
post hoc test; *p < 0.00! versus ages 4-7, 8-11, and [2-15,
**p < 0.005 versus age [2-15,%%p < 0.001 versus age 12—15.
Epilepsia © ILAE

correlation coefficient analysis, r = 0.44, p < 0.001).
When patients were classified into four VPA dose
groups: <10 mg/kg, >10 and <20 mg/kg, >20 and
<30 mg/kg, and >30 mg/kg, the mean plasma ammonia
levels increased in a VPA dose—dependent manner (46.8,
60.4, 857, and 92.6 pg/dl, respectively, ANOVA:
p < 0.001). In particular, there was significant difference
between the dose ranges of <10 mg/kg and >20 mg/kg
(p < 0.001, See Fig. S1.).

Risk factors for hyperammonemia in patients with or
without VPA therapy

By stepwise multiple regression analysis, the factors
influencing the ammonia level were extracted (see Table
S1). These factors were then used as independent variables
for multiple logistic regression analysis.

In group 1I, age and the concomitant use of PHT, PB,
ZNS, TPM, or levetiracetam had a significant influence on
the ammonia level, and these factors were entered as inde-
pendent variables in multiple logistic regression analysis.
Age and concomitant use of ZNS and TPM were found to be
significant risk factors for hyperammonemia (Table 4).
PHT and PB were also risk factors, but were not statistically
significant.

In group I, the age, symptomatic generalized epilepsy,
VPA dose, and concomitant use of PHT, PB, TPM, ZNS, or
acetazolamide were all found to be significant risk factors
(Table 5). In contrast, the VPA dose and concomitant use of
PHT, PB, or TPM were significantly associated with an
increased risk of an ammonia level exceeding 150 pg/dl),

~ with high-dose VPA and concomitant PHT being the most

important factors.

DiscuUssionN

The present cross-sectional study of 2,944 pediatric
patients demonstrated that the mean ammonia level was
2.4-fold higher in patients treated with VPA than in
patients without AED therapy (Table 1). A literature
review performed by Chicharro and Kanner (2007) identi-

p-Value”

Regimen No AED:s (reference) :

No. patients 445 17 29 187 58 ' 15

Age (years) 72+ 02 10.8 £ 0.6 42 £ 0.8 77 £03° 62 + 0.6° 7012 <0.001

Ammonia level (ug/dl)® 360 £ 1.0 599 + 49 525 £ 5.1 449 = 1.6 60.0 & 3.3 485 + 85 <0.001
>100, n (%) 7(1.6) 0(0) 1(34) 3(1.6) 6(10.3) 1(6.7) <0.05

CAls; carbonic anhydrase inhibitors, BZs; benzodiazepines.
“Significance was determined by ANOVA or the chi-square test.
"Dunnett’s test; non AED versus PHT, PB, CBZ, CAls; p < 0.001.

Post hoc Scheffe’s muitiple comparison test; p < 0.001 versus PHT, %p < 0.005 versus PHT, °p < 0.05 versus PB, fo < 0.005 versus CBZ.

Regimen VPA mono (reference) VPA + CAls VPA + BZs p- Value®
No. patients 560 53 39 156 201 126
Age (years) 78 £02 80 + 0.6 52+ 07 7.9 + 0.4° 6.1 + 03" 6.8 + 04 <0.001
Ammonia leve! (pg/di) 67.0 £ 1.5 1150 £ 80 107.1 =79 766+ 3.0 937 +£25% 742+ 3.1%% <0001
>100, n (%) 87 (15.5) 29 (54.7) 21(53.8) 38 (24.4) 84 (41.8) 21 (16.7) <0.001
>150,n (%) 18(3.2) 15(28.3) 6(15.4) 6(3.8) 15(7.5) 4(3.2) <0.001
VPA dose (mg/kg) 175 4+ 0.4 242 + 1.7 26.5 + 2.2 19.6 + 0.8 232+ 07 215 £ 07 <0.001
“Significance was determined by ANOVA or the chi-square test.
Post hoc Scheffe’s muitiple comparison test; °p < 0.001 versus VPA + PHT, °p < 0.05 versus VPA + PHT, % < 0.005 versus VPA + PB, ®p < 0.05 versus
VPA + PB,’p < 0.01 versus VPA + PB, fp < 0.005 versus VPA + CBZ,"p < 0.05 versus VPA + CBZ,'p < 0.001 versus VPA + CAls.
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Plasma ammonia level (>100)

Risk factor OR (95% Cl) p value
Age (per year) 0.89 (0.82-0.96) <0.005
Concomitant AEDs
Phenytoin 2.00(0.974.13) 0.060
Phenobarbital 1.67 (0.85-3.27) 0.13
Zonisamide 3.48 (1.88-6.53) <0.001
Topiramate 3.93(1.68-9.20) <0.005
Levetiracetam 0.96 (0.21-4.37) 0.96

OR, adjusted odds ratio; Cl, confidence interval.

fied a significant difference between the VPA group and
the control group in 11 of 17 cross-sectional studies,
whereas the other six studies showed no difference. The
large sample size of the present study allowed us to
detect significant differences of the ammonia level among
groups L II, and III.

Our data also suggested that inducers and CAls had the
potential to increase the ammonia level in patients who were
not taking VPA (Tables 2 and 4). Several previous studies
have found a decrease of carnitine in patients treated with
PHT, PB, or CBZ rather than VPA. Hug et al. (1991)
reported that the mean total carnitine level was 57.8 nmol/
ml in healthy children, whereas the carnitine level of pediat-
ric patients with epilepsy who were receiving VPA, PB,
PHT, or CBZ was 35.6, 32.7, 39.7, and 41.5 nmol/ml;
respectively. Reduction of the blood carnitine level by these
AEDs may cause mitochondrial dysfunction, resulting in an
increase of ammonia.

Tables 2 and 3 show that VPA monotherapy was more
closely associated with hyperammonemia in comparison
with monotherapy taking PHT, PB, or CBZ (15.5% vs. 0%,
3.4%, and 1.6%). Figure S1 shows that the increase of
ammonia in our pediatric patients with epilepsy was depen-

__ RiskFactorsfor Fyperammonermia

dent on the daily dose of VPA. Several authors have
reported that the blood carnitine level decreases with an
increase in the VPA dose or concentration (Hamed & Abd-
ella, 2009; Nakajima et al., 2011). Another possible mecha-
nism of hyperammonemia related to VPA therapy is
inhibition of carbamoyl phosphate synthase 1 and N-ace-
tylglutamate synthase by metabolites of VPA such as val-
pronyl-CoA, propionate, and 4-en-VPA. That is, high-dose
VPA monotherapy could increase harmful metabolites and
reduce the carnitine level, resulting in an increased risk of
hyperammonemia.

In patients receiving VPA with PHT or PB, a high inci-
dence of hyperammonemia was observed (Table 3).
According to our multivariate model, combined therapy
with VPA and PHT was the strongest risk factor for hyper-
ammonemia in the pediatric patients with epilepsy
(Table 5). These findings agree with the results of a previ-
ous study in adult patients with epilepsy (Yamamoto et al.,
2012). Although hyperammonemia associated with
VPA + PHT and/or PB therapy has long been reported, the
mechanism remains obscure. PHT and PB increase the
activity of CYP enzymes and UGTs, which would facilitate
metabolism of VPA. Among the CYP enzymes, CYP2C9,
CYP2A6, and CYP2B6 are involved in the synthesis of 4-
en-VPA and propionate, which inhibits urea cycle enzymes.
In contrast, a number of studies have shown that the blood
carnitine concentration is lower in patients receiving VPA
combined with inducers than in patients receiving VPA
monotherapy (Ohtani et al., 1982; Coulter 1991). Hyperam-
monemia in patients receiving VPA + PHT and/or PB ther-
apy could be caused by a combination of these mechanisms.
Among the inducers, CBZ had the smallest impact on the
plasma ammonia level. Measurement of VPA metabolites
and the carnitine concentration could be valuable for clari-
fying the mechanisms of hyperammonemia associated with
concomitant use of VPA and inducers.

The influence of new AEDs such as ZNS, TPM, lamo-
trigine, and levetiracetam on the blood ammonia level

Plasma ammonia level
>100 >150

Risk factor OR (95% Cl) p-Value OR (95% Cl) p-Value
Age (per year) 0.97 (0.94-0.99) <0.05 1.00 (0.96—1.04) 091
Gender (female = 1) [.30(1.04-1.61) <0.05 1.55 (1.10-2.20) <0.05
Symptomatic generalized epilepsy 1.40 (1.09-1.80) <0.01 1.17 (0.79-1.73) 0.44
VPA dose (per mgfkg) 1.05 (1.03-1.06) <0.001 1.05 (1.03-1.07) <0.001
Concomitant AEDs

Phenytoin 4.73 (3.25-6.88) <0.001 5.45 (3.54-8.40) <0.001

Phenobarbital 2.22(1.59-3.12) <0.001 2.44(1.57-3.79) <0.001

Zonisamide 1.72(1.33-2.23) <0.001 1.42 (0.95-2.11) 0.089

Topiramate 2.69 (1.78-4.05) <0.001 2.13(1.20-3.76) <0.05

Acetazolamide 6.55 (2.50-17.2) <0.001 2.51 (0.91-6.95) 0.076

OR, odds ratio; Cl, confidence interval.
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remains poorly understood. Several case reports have
been published about hyperammonemia in patients on
TPM therapy (Hamer et al.,, 2000; Longin et al., 2002;
Knudsen et al., 2008; Deutsch et al., 2009), but there have
been none about the other new AEDs. The present study
demonstrated that concomitant use of ZNS and TPM was
an important risk factor for an increase of the ammonia
level, irrespective of whether the patient was being trea-
ted with VPA. Coppola et al. (2006) reported that lamo-
trigine and TPM did not have a significant effect on the
serum carnitine level. In contrast, ZNS and TPM inhibit
carbonic anhydrase and block bicarbonate reuptake,
resulting in metabolic acidosis that may lead to an
increase of the plasma ammonia level regardless of con-
comitant VPA therapy. We also found that treatment
with acetazolamide had the potential to increase the
ammonia level, presumably via the same mechanism as
that for TPM and ZNS. However, there were only five
patients receiving acetazolamide in group II, contributing
to the lack of a significant result. In this study, bicarbon-
ate was not measured, so further studies will be needed
to determine the association between bicarbonate and
ammonia levels.

Our study demonstrated that pediatric patients with
epilepsy aged 3 years or younger who were treated with
VPA had an increased risk of hyperammonemia, confirm-
ing a previous report by Altunbasak et al. (1997). The
same trend was also seen in the untreated and non-VPA
groups, suggesting that ammonia metabolism differs
among infants, children, and adolescents. Galal et al.
(2010) reported that there was no relationship between
age and the ammonia level in patients attending a pediat-
ric emergency department. In contrast, Colombo et al.
(1984) reported that the plasma ammonia level was
higher in neonates than in children aged 2—6 years (range
30144 vs. 2448 pmol/l). Because of the large number
of patients in our study it was possible to establish a
more reliable indication of the impact of age on the
plasma ammonia level.

Among patients receiving VPA, female gender was asso-
ciated with a risk of hyperammonemia. In group III, female
patients had a significantly lower mean body weight than
males (24.5 vs. 26.7 kg, p < 0.001), suggesting that female
patients would have greater hepatic blood flow and VPA
clearance. Furthermore, a review by Pleym et al. (2003)
suggested that UGT activity is higher in male patients than
female, indicating that CYP-derived metabolites may be
more important in female patients. Therefore, gender-based
differences of body weight and UGT activity presumably
resulted in differences of VPA metabolism and the ammo-
nia level.

Continuous muscle contraction due to GTC seizures
can elevate the blood ammonia level by deamination of
adenosine monophosphate in the purine nucleotide cycle
(Mutch & Banister, 1983; Wilkinson et al.,, 2010).

Epilepsia, 54(6), 983-989, 2013
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Several reports have indicated that the risk of hyperam-
monemia in adult patients with epilepsy is significantly
related to GTC seizures (Liu & Su, 2008; Yanagawa
et al., 2008; Hung et al,, 2011; Liu et al., 2011). These
studies included patients without AEDs and excluded
patients taking VPA. In contrast, our study showed that
symptomatic generalized epilepsy was one of the risk
factors for hyperammonemia in group III (with VPA),
but not in group II (without VPA). Because VPA is a
first-line treatment for GTC seizures, the prevalence of
generalized epilepsy was significantly higher in group III
than in group I (23.2% vs. 11.9%), so this lower preva-
lence may have contributed to the lack of any association
with GTC seizures in group IL

Our previous study showed that 40.7% of adult patients
on VPA therapy had symptomatic hyperammonemia
(Yamamoto et al., 2012). In the present study, 37 (22.3%)
of 166 patients with an ammonia level exceeding 150 ng/dl
had symptoms of hyperammonemia. Therefore, careful
attention should be paid to whether symptoms are related to
hyperammonemia in patients with an ammonia level
>100 pg/dl.

There were several limitations of the present study.
Although the dose of VPA showed a high partial regression
coefficient, blood samples were not collected at a specific
time and VPA trough concentrations were not obtained. In
addition, if multiple measurements were obtained from
same patients, the highest ammonia level was used, which
may have contributed to selection bias. Long-term VPA
therapy reduces the blood carnitine level, but we did not
investigate the duration of AED therapy. Furthermore, the
retrospective design of this study meant that we could not
confirm seizure frequency, nitrogen intake, and symptoms
at the point of examination. We were also unable to investi-
gate the symptoms of hyperammonemia in all 2,944 patients
and could not set clinical criteria for symptomatic hyperam-
monemia. In particular, the relationship between symptoms
and the ammonia level remains unclear, although it is
known that chronic hyperammonemia can have harmful
effects on brain development and seizure control. Therefore,
further studies will be required to evaluate the ammonia
level below which there will be no influence on seizure
control and brain development.

In conclusion, our study established a number of risk
factors for hyperammonemia in pediatric patients with
epilepsy who are on AED therapy. We emphasize the
need for measurement of ammonia when patients have
multiple risk factors, especially those receiving high-
dose VPA and regimens such as VPA plus PHT and/or
PB. In addition, use of CAls and a younger age can be asso-
ciated with an increase of ammonia regardless of whether a
patient is receiving VPA. These results have several implica-
tions for minimizing the risk of hyperammonemia in pediat-
ric patients with epilepsy treated with VPA-based AED
therapy.

_89_



989

DISCLOSURE

None of the authors has any conflict of interest to disclose. We
confirm that we have read the Journal’s position on issues involved in
ethical publication and affirm that this report is consistent with those
guidelines.

REFERENCES

Adams EN, Marks A, Lizer MH. (2009) Carbamazepine-induced
hyperammonemia. Am J Health Syst Pharm 15:1468-1470.

Aires CC, van Cruchten A, Ijlst L, de Almeida IT, Duran M, Wanders RJ,
Silva MF. (2011) New insights on the mechanisms of valproate-
induced hyperammonemia: inhibition of hepatic N-acetylglutamate
synthase activity by valproyl-Coa. J Hepatol 55:426-434.

Alwnbagak S, Baytok V, Tasouji M, Hergiiner O, Burgut R, Kayrin L.
(1997) Asymptomatic hyperammonemia in children treated with
valproic acid. J Child Neurol 12:461-463.

Ambrosetto G, Riva R, Baruzzi A. (1984) Hyperammonemia in asterixis
induced by carbamazepine: two case reports. Acta Neurol Scand 69:
186-189.

Batshaw ML, Brusilow SW. (1982) Valproate-induced hyperammonemia.
Ann Neurol 11:319-321.

Cagnon L, Braissant O. (2007) Hyperammonemia-induced toxicity for the
developing central nervous system. Brain Res Rev 56:183-197.

Chicharro AV, Kanner AM. (2007) The measurement of ammonia blood
levels in patients taking valproic acid: looking for problems where they
do not exist? Epilepsy Behav 11:361-366.

Colombo JP, Peheim E, Kretschmer R, Dauwalder H, Sidiropoulos D.
(1984) Plasma ammonia concentrations in newborns and children. Clin
Chim Acta 138:283-291.

Coppola G, Epifanio G, Auricchio G, Federico RR, Resicato G, Pascotto A.
(2006) Plasma free carnitine in epilepsy children, adolescents and
young adults treated with old and new antiepileptic drugs with or
without ketogenic diet. Brain Dev 28:358-365.

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

Coulter DL, Allen RJ. (1981) Hyperammonemia with valproic acid
therapy. J Pediatr 99:317-319.

Deutsch  SI, Burket JA, Rosse RB. (2009) Valproate-induced
hyperammonemic encephalopathy and normal liver functions: possible
synergism with topiramate. Clin Neuropharmacol 32:350-352.

Galal NM, Fouad HM, Saied A, Dabnon M. (2010) Hyperammonemia in
the pediatric emergency care setting. Pediatr Emerg Care 26:888-891.

Haidukewych D, John G, Zielinski JJ, Rodin EA. (1985) Chronic valproic
acid therapy and incidence of increases in venous plasma ammonia.
Ther Drug Monit 7:290-294.

Hamed SA, Abdella MM. (2009) The risk of asymptomatic
hyperammonemia in children with idiopathic epilepsy treated with
valproate: relationship to blood carnitine status. Epilepsy Res 86:32-41.

Hamer HM, Knake S, Schomburg U, Rosenow F. (2000) Valproate-
induced hyperammonemic encephalopathy in the presence of
topiramate. Neurology 54:230-232.

Hug G, McGraw CA, Bates SR, Landrigan EA. (1991) Reduction of serum
carnitine concentrations during anticonvulsant therapy with
phenobarbital, valproic acid, phenytoin, and carbamazepine in children.
J Pediatr 119:799-802.

Hung TY, Chen CC, Wang TL, Su CF, Wang RF. (2011) Transient
hyperammonemia in seizures: a prospective study. Epilepsia 52:
2043-2049.

linuma K, Hayasaka K, Narisawa K, Tada K, Hori K. (1988) Hyperamino-
acidaemia and hyperammonaemia in epileptic children treated with
valproic acid. Eur J Pediatr 148:267-269.

Katano H, Fukushima T, Karasawa K, Sugiyama N, Ohkura A, Kamiya K.
(2002) Primidone-induced hyperammonemic encephalopathy in a
patient with cerebral astrocytoma. J Clin Neurosci 9:79-81.

Kim JM, Ryu WS, Hwang YH, Kim JS. (2007) Aggravation of ataxia due
to acetazolamide induced hyperammonaemia in episodic ataxia.
J Neurol Neurosurg Psychiatry 78:771-772.

 Risk Factors for Hyperammor em:a

Knudsen JF, Sokol GH, Flowers CM. (2008) Adjunctive topiramate
enhances the risk of hypothermia associated with valproic acid therapy.
J Clin Pharm Ther 33:513-519.

Kondo T, Ishida M, Kaneko S, Hirano T, Otani K, Fukushima Y, Muranaka
H, Koide N,.Yokoyama M, Nakata S. (1992) Is 2-propyl-4-pentenoic
acid, a hepatotoxic metabolite of valproate, responsible for valproate-
induced hyperammonemia? Epilepsia 33:550-554.

Labib PL, Wing S, Bhowmik A. (2011) Transient hyperammonaemia in a
patient with confusion: challenges with the differential diagnosis. BM.J
Case Rep Sep 4 [Epub ahead of print].

Laub MC. (1986) Nutritional influence on serum ammonia in young
patients receiving sodium valproate. Epilepsia 27:55-59.

Lichter-Konecki U. (2008) Profiling of astrocyte properties in the
hyperammonaemic brain: shedding new light on the pathophysiology
of the brain damage in hyperammonaemia. J Inherit Metab Dis 31:492—
502.

Liu KT, Su CS. (2008) Postictal transient hyperammonemia. Am J Emerg
Med26(388):e1-€2.

Liu KT, Yang SC, Yeh U, Lin TJ, Lee CW. (201l) Transient
hyperammonemia associated with postictal state in generalized
convulsion. Kaohsiung J Med Sci 27:453-456.

Longin E, Teich M, Koelfen W, Konig S. (2002) Topiramate enhances the
risk of valproate-associated side effects in three children. Epilepsia
43:451-454.

Murphy JV, Marquardt K. (1982) Asymptomatic hyperammonemia in
patients receiving valproic acid. Arch Neurol 39:591-592.

Mutch BJ, Banister EW. (1983) Ammonia metabolism in exercise and
fatigue: areview. Med Sci Sports Exerc 15:41-50.

Nakajima Y, Ito T, Maeda Y, Ichiki S, Kobayashi S, Ando N, Hussein MH,
Kurono Y, Sugiyama N, Togari H. (2011) Evaluation of valproate
effects on acylcarnitine in epileptic children by LC-MS/MS. Brain Dev
33:816-823.

Ohtani Y, Endo F, Matsuda I. (1982) Carnitine deficiency and
hyperammonemia associated with valproic acid therapy. J Pediarr
101:782-785.

Pleym H, Spigset O, Kharasch ED, Dale O. (2003) Gender differences in
drug effects: implications for anesthesiologists. Acta Anaesthesiol
Scand 47:241-259.

Sharma S, Gulati S, Kabra M, Kalra V, Vasisht S, Gupta YK. (2011) Blood
ammonia levels in epileptic children on 2 dose ranges of valproic acid
monotherapy: a cross-sectional study. J Child Neurol 26:109~112.

Thom H, Carter PE, Cole GF, Stevenson KL. (1991) Ammonia and carnitine
concentrations in children treated with sodium valproate compared with
other anticonvulsant drugs. Dev Med Child Neurol 33:795-802.

Verbiest HB, Straver JS, Colombo JP, van der Vijver JC, van Woerkom
TC. (1992) Carbamyl phosphate synthetase-1 deficiency discovered
after valproic acid-induced coma. Acta Neurol Scand 86:275~279.

Verrotti A, Greco R, Morgese G, Chiarelli F. (1999) Carnitine deficiency
and hyperammonemia in children receiving valproic acid with and
without other anticonvulsant drugs. Int J Clin Lab Res 29:36—40.

Wilkinson DJ, Smeeton NJ, Watt PW. (2010) Ammonia metabolism, the
brain and fatigue; revisiting the link. Prog Neurobiol 91:200-219.

Yamamoto Y, Takahashi Y, Suzuki E, Mishima N, Inoue K, Itoh K,
Kagawa Y, Inoue Y. (2012) Risk factors for hyperammonemia
associated with valproic acid therapy in adult epilepsy patients.
Epilepsy Res 101:202-209.

Yanagawa Y, Nishi K, Sakamoto T. (2008) Hyperammonemia is associated
with generalized convulsion. Intern Med 47:21-23.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Table S1. Factors influencing the ammonia level in
Groups II and I1I on multiple regression analysis.

Figure S1. Relation between VPA dose and plasma
ammonia level in patients on VPA monotherapy.

Epilepsia, 54(6), 983-989, 2013
doi: 10.1111/epi. 12125

_.90_



BRAIN & '
DEVELOPMENT

Official Journal of
the Japanese Society

Brain & Development 35 (2013) 778-785 of Child Neurology

www.elsevier.com/locate/braindev

Original article

Immunomodulatory therapy versus surgery for Rasmussen
syndrome in early childhood ™

Yukitoshi Takahashi »®*, Etsuko Yamazaki?, Jun Mine?, Yuko Kubota?,
Katsumi Imai?®, Yuki Mogami®, Koichi Baba®, Kazumi Matsuda ® Hirokazu Oguni®,
Kenji Sugai®, Yoko Ohtsuka ®, Tateki Fujiwara ?, Yushi Inoue?

2 National Epilepsy Center, Shizuoka Institute of Epilepsy and Neurological Disorder, Shizuoka, Japan
b Department of Pediatrics, Gifu University School of Medicine, Japan
®Department of Pediatrics, Tokyo Women’s Medical University, Japan

4 Department of Child Neurology, National Center of Neurology and Psychiatry, Japan
© Department of Pediatric Neurology, Okayama University School of Medicine, Japan

Received 9 November 2012; received in revised form 14 January 2013; accepted 15 January 2013

Abstract

We examined seizure, cognitive, and motor outcomes in patients with Rasmussen syndrome or Rasmussen encephalitis (RS),
after recent initiation of immunomodulatory therapies. Among 53 patients with a diagnosis of RS referred from all over Japan,
49 patients (male 22, female 27) with symptoms and findings characteristic of RS were evaluated. Regular intravenous immunoglob-
ulin (IVIg) therapy was administered at a dose of 100 mg/kg/day, etc. Regular steroid pulse therapy was conducted with methyl-
prednisolone at a dose of 30 mg/kg/day (children) or 1000 mg/day (adults) for 3 days. Tacrolimus was given at an initial dose of
0.1 mg/kg/day (children). Mean onset age was 8.7 + 10.5 years. Seizure-free rate was 71% after treatment by functional hemispher-
ectomy (FH), and response rate for seizures was 81% by regular steroid pulse therapy, 42% by tacrolimus therapy, and 23% by reg-
ular IVIg therapy. Rate of patients with IQ higher than 80 (R80) was 50% by regular steroid pulse therapy, 43% by regular IVIg
therapy, 29% by tacrolimus therapy, and 0% by FH. R80 after regular steroid pulse therapy was 100% in patients without MRI
lesions, and 37% in those with advanced MRI lesions. Improvement of motor function (paresis) was observed only by immunomod-
ulatory therapy. Motor function was aggravated in 100% of patients treated by FH, 62% by regular IVIg, and 10% by regular ste-
roid pulse therapy. We suggest a new treatment strategy for RS using early immunomodulatory therapy: initiation of regular steroid
pulse therapy after early diagnosis indicated by biomarkers, then switching to tacrolimus therapy after several months.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Rasmussen syndrome or Rasmussen encephalitis
(RS) is a slowly progressive, autoimmune chronic
inflammatory disease of the central nervous systems
[1-3]. Preceding infection occurring around two weeks
before onset is observed in 38% of patients [3]. Histolog-
ical examination usually shows inflammatory lesions
with T cell infiltration. Cytotoxic T cells (CTLs) contrib-
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ute to the immunopathology of RS [4]. The IFNy, IL-12,
and granzyme B levels in CSF are elevated suggesting
immunological involvement, especially in the early stage
of the disease [5].

In RS, the initial symptom is usually intractable par-
tial seizures, and epilepsia partialis continua (EPC)
develops in 58.8% of the patients. Soon after the onset
of RS, treatment with antiepileptic drugs (AEDs) is usu-
ally initiated because partial seizures are predominant
symptoms. In a few years after onset, unihemispheric
cortical dysfunctions (such as hemiplegia and cognitive
deficit) become apparent [6,7]. RS is suspected when
unilateral cortical deficit, unihemispheric EEG slowing,
and unihemispheric cortical atrophy on MRI appear
evolutionally. Before the availability of immunopathol-
ogy, functional hemispherectomy (hemispherotomy)
(FH) was the only treatment to achieve complete control
of epileptic seizures. Therefore, in patients with involve-
ment of the non-dominant hemisphere, FH is considered
after the appearance of motor deficits. On the other
hand, in those with disease involving the dominant
hemisphere, immunomodulatory therapies using corti-
costeroids, intravenous immunoglobulin (IVIg), plasma
pheresis (PEX) or immunoabsorption, and tacrolimus
have been tried [2].

In considering treatment strategies for RS, compre-
hensive consideration of seizure outcome, neurological
outcome, cognitive outcome, and motor outcome is nec-
essary. In making a decision to undergo FH, the parents
of patients with RS desire to achieve complete control of
seizures and normal cognitive development at the sacri-
fice of hemiplegia.

With recent developments of many kinds of immuno-
modulatory therapies, we compared the treatment
tesults of Japanese RS patients treated by surgery and/
or immunomodulatory therapies, by evaluating their sei-
zure, cognitive, and motor outcomes.

2. Methods
2.1. Patients

We identified 53 patients with a diagnosis of RS
referred to the National Epilepsy Center from all over
Japan between 1991 and 2010, and reviewed them basi-
cally according to the European diagnostic criteria for
RS (Fig. 1) [2]. Of 53 patients, three patients who had
no frequent partial seizures, and eight patients who
had no unihemispheric cortical dysfunction were ini-
tially excluded from a diagnosis of RS. From the eight
patients without unihemispheric cortical dysfunction,
seven patients were subsequently diagnosed as having
RS based on characteristic histology, elevated granzyme
B in CSF, or high intensity lesion on MRI characteristic
of RS [2,8]. RS was staged into three MRI categories: no
lesion, high intensity lesion, and advanced MRI lesion.
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Fig. 1. Patient disposition. EPC, epilepsia partialis continua.

2.2. Evaluation

Seizure outcome was classified according to the
change in seizure frequency before and after treatments
into seizure-free (free), >50% seizure reduction (respon-
der) (decreased), between <50% reduction and <50%
increase (stable), >50% seizure increase (aggravated).
In patients with EPC and solitary partial seizures,
change in frequency of solitary partial seizures was eval-
uated. Cognitive outcome was measured by intelligence
quotient (IQ) or developmental quotient (DQ). 1Q was
measured by Tanaka—Binet, WISCIII, and WAISIII,
dependent on the age at examination. DQ was measured
by MCC-baby test, KIDS-test, and other scales. We
used full scale IQ (FSIQ) measured by WISC or WAIS
for evaluation. Cognitive outcome was classified into
FSIQ/DQ increase >10 (improved), between <10
increase and <10 decrease (stable), FSIQ/DQ decrease
>10 (aggravated), and uncertain (uncertain). Rate of
FSIQ/DQ preservation was calculated as number of
patients  (improved + stable)/number of patients
(improved + stable + decreased). Motor outcome was
classified into improved, stable and aggravated.

2.3 IVIg therapy

The protocol for regular IVIg therapy was a dose of
either 100 mg/kg/day for several days, 400 mg/kg/day
for several days, or 1 g/kg for one day, at an interval
of once a month for several months to several years
depending on response.

2.4. Steroid pulse therapy

The protocol for regular steroid pulse therapy with
methylprednisolone was doses ranging from 30 mg/kg/
day (for children) to 1000 mg/day (for adults) for
3 days, at an interval of once in a month for several months
to several years depending on response. Only patients
who had received more than 3 cycles were evaluated.



