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1. Introduction

Glucose transporter-1 deficiency syndrome (GLUT-
1DS, OMIM 606777) is a metabolic disorder in the
brain that results from the central nervous system being
unable to effectively utilize glucose, which is the main
substrate providing energy to the brain under physiolog-
ical conditions [1-3]. In 1991, De Vivo et al. first
reported two patients with the disorder who presented
with infantile seizures, developmental delays, acquired
microcephaly, and unexplained hypoglycorrhachia {4].
Based on the findings of studies published to date, typ-
ical cases exhibit the onset of paroxysmal eye move-
ments and epileptic seizures in early infancy and later
present with symptoms such as developmental delays,
hypotonia, spastic paralysis, cerebellar ataxia, and dys-

sporadic in occurrence; however, some familial cases
of GLUT-1DS with autosomal-dominant inheritance
and less often with autosomal-recessive inheritance have
also been identified [6,7]. Heterozygous de novo muta-
tions in the SLC2A41 gene (gene locus 1p35-31.3) were
previously identified to be a causative gene and have
been reported in a large number of cases [8,9]. Although
patients with missense mutations often exhibit mild
symptoms (especially mental retardation), a clear geno-
type-phenotype relationship has not yet been estab-
lished. SLC2A41 gene mutations have also recently
been identified in some patients with paroxysmal exer-
cise-induced dyskinesia, early-onset absence epilepsy,
and myoclonic-astatic epilepsy, and GLUT-1DS is
now considered to have a wide spectrum of phenotypes

been reported to date, mainly in the US and Europe {17].
There have also been sporadic reports in Japan since

1DS patients are often refractory to antiepileptic drug
treatments, ketogenic diet therapy (KD) is an effective
and causal therapeutic method that can supply ketone
bodies instead of glucose as a source of brain energy
[22-247. If KD can be started early, a chronic state of
glucose deficiency in the brain causing impairment of
CNS function can be prevented. Brain development is
especially pronounced during infancy and early child-
hood, and the treatable nature of this disease should
not be overlooked. Therefore, guidelines need to be
established for the early diagnosis and treatment of this
disorder. In the present study, we conducted a nation-
wide survey of this disease in order to clarify the number
of GLUT-1DS patients in Japan and their clinical and
laboratory information.

2. Subjects and methods

Genetically confirmed as well as clinically diagnosed
patients with GLUT-1DS who were treated at medical

facilities throughout Japan participated in this study.
Clinically diagnosed GLUT-1DS patients were defined
as those in whom hypoglycorrhachia was present in
association with typical neurological symptoms, but a
genetic diagnosis or erythrocyte glucose uptake assay
either had not been performed or was negative. In this
study, hypoglycorrhachia was defined as the ratio of
CSF glucose vs. blood glucose concentration sampling
being simultaneously lower than 0.45 in spite of the
absence of meningitis [17]. Typical neurological symp-
toms were described elsewhere {2,5,9,17]. A primary
questionnaire to survey the actual number of genetically
and clinically confirmed cases of GLUT-1DS was ini-
tially sent to 1018 board-certified pediatric neurologists
of the Japanese Society of Child Neurology who were
working at university hospitals, children’s hospitals,
national sanitariums, and other relevant institutes. After
the primary questionnaire was returned, a secondary
questionnaire was sent to the physicians who had
patients and who agreed to participate in the secondary
questionnaire. The clinical data collected from the sec-
ondary questionnaire included perinatal history, age at
the onset of seizures, types of seizures, neurological
complications, electroencephalogram (EEG) findings,
relationship between diet and seizures, eating habits,
biochemical findings, genetic diagnosis, brain imaging
diagnosis, developmental assessment, and treatment.
The following statistical analysis was also performed,;
mental outcomes at the last follow-up in relation to
the onset age of the first symptoms as well as CSF/blood
glucose ratio, and types of SLC2A4 mutations in relation
to the onset age of the first symptoms as well as CSF/
blood glucose ratio and mental outcomes. Mental out-
comes were subclassified into borderline to mild
(80> IQ = 55), moderate (55> 1Q = 35), and severe
(IQ < 35) retardation. When IQ was difficult to estimate,
developmental quotient (DQ) was alternatively used to
assess the mental outcome.

Mutation screenings were performed by the direct
sequencing of PCR fragments spanning the entire cod-
ing region and exon—intron boundaries of SCL2A41. If
direct sequencing yielded normal results, large rear-
rangements of SCL2A41 were examined using the Multi-
ple Ligation Probe Amplification (MLPA) method. The
details of these methods were described elsewhere
(20,211

This study was conducted with the approval of the
Ethics Committee of Tokyo Women’s Medical Univer-
sity with which the principle investigators were affiliated
and the Ethics Committees of the facilities with which
the subinvestigators were affiliated.

2.1. Statistical analyses

The chi-squared test, 7-test, and one-way ANOVA
were employed to compare results between two or three
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variables. A P value of <0.05 was regarded as
significant.

3. Results
3.1. Patient demographic data

Responses to the primary questionnaire were received
from 499 pediatric neurologists. Of these, 28 pediatric
neurologists had a total of 57 patients with GLUT-
1DS. Conversely, 471 physicians responded that they
had no experience with GLUT-1DS. All 28 physicians
agreed to participate in the study and were sent the
secondary questionnaire. Detailed responses to the ques-
tionnaire survey were received for 33 of the 57 patients
and subsequently submitted for analysis. Two families
comprising 4 patients were included.

The age of the 33 patients at the time of the study
ranged between 3 and 35 years with a mean age of
13.5 years (Table 1). Four patients were 20 years or
older. The age at the onset of the initial neurological
symptoms ranged between the neonatal period and
48 months after birth, with a mean age of 9.4 months.
The age at which GLUT-1DS was diagnosed was a
mean age of 8.4 years, ranging between 1 year 0 months
and 33 years. Fifteen subjects were male (45%), and 18
were female (55%). Their mean ages of the onset of neu-
rological symptoms were 9.1 months and 9.6 months,
respectively (P < 0.05). The gestational age during preg-
nancy was a mean of 38.5 weeks, ranging between 33
and 40 weeks. The average weight at birth was 2940 g.
The mean head circumference at birth, which was
recorded in 18 cases, was 32.8 cm.

3.2. Clinical analysis of first symptoms and epileptic
seizures

The most frequently reported initial symptom was a
convulsive seizure, which occurred in 15 cases, and
was followed by abnormal eye movements in 7 cases,
apneic/cyanotic attacks in 4 cases, developmental delays
in 3 cases, and atonic episodes with poor response/eye-
rolling-up in 3 cases. Abnormal eye movements were
observed in a total of 12 cases, including 5 cases who
manifested these movements following other neurologi-
cal symptoms, but were all observed in infancy.
Abnormal eye movements were described as opsoclonus
in 6 cases and (rotatory) nystagmus in the remaining 6
cases, with the mean age of onset being 6.1 months.
Apneic/cyanotic attacks were reported in 5 cases during
the infant period, including one case in which an apneic
attack appeared following other symptoms. Since it
could not be determined whether apneic/cyanotic
attacks were epileptic or nonepileptic in origin,
they were distinguished from epileptic seizures in this
study.

Thirty-two patients (97%) exhibited some type of epi-
leptic seizure. The seizure type could be classified in 27
out of 32 cases. The epileptic seizure types observed in
infancy aged between 0 and 2 years were generalized
tonic—clonic seizures (GTCS) in 10 cases, partial seizures
in 6 cases, astatic seizures in 3 cases, myoclonic seizures
in 2 cases, and febrile seizures in 1 case (Table 1). The
epileptic seizure types noted in early childhood aged
between 2 years and 6 years (n = 26) were GTCS in 9
cases, partial seizures in 7 cases, absence seizures in 6
cases, astatic seizures in 5 cases, and myoclonic, febrile,
and autonomic seizures (ictal vomiting) in 2 cases each.
In later childhood aged older than 7 years (n=15),
absence seizures were reported in 7 cases, astatic sei-
zures, partial seizures, and GTCS in 4 cases each, and
febrile and autonomic seizures in 1 case each. The most
frequent epileptic seizure type observed in adolescence
and thereafter was absence seizures, which were noted
in 4 patients. Of these, the epileptic seizure types were
confirmed by video-EEG studies only in 6 patients, 5
of whom had absence seizures and 1 of whom had atonic
seizures associated with a diffuse spike-and-wave
complex.

3.3. Neurological abnormalities other than epileptic
seizures

Neurological findings revealed muscle hypotonia and
cerebellar ataxia in 59.4% and 90.9% of patients, respec-
tively, at the final examination. Spastic paralysis of var-
ious degrees was also reported in 63.6% of all cases, with
the frequency of diplegia, paraplegia, and quadriplegia
increasing in that order. Otherwise, dystonia was
observed in 45.5% of patients, with other involuntary
movements being noted in 6.1%. Dysarthria was present
in 63.6% of cases, and sensory disturbance was seen in
18.2%. However, no dysphagia or brainstem disorder
was identified. Acquired microcephaly and a short stat-
ure were observed in 30.3% and 39.4% of cases,
respectively.

Mild to severe mental retardation was recognized in
all 33 cases at the last follow-up period (borderline to
mild:12, moderate:9, severe:12). No significant differ-
ences were observed in the age at the onset of neurolog-
ical symptoms or CSF/blood glucose ratio (P> 0.05)
among those with mild, moderate and severe retarda-
tion, whereas the age at the onset of neurological symp-
toms was youngest in those with severe mental
retardation (Table 2). Learning disabilities and attention
deficit hyperactive disorders were each observed in
24.2% of patients at some time during the clinical
course. However, no autistic disorders were detected.
Patients had relatively social and friendly personalities.

Regarding paroxysmal symptoms other than epileptic
seizures, paroxysmal ataxia, paroxysmal dyskinesia/
dystonia, and paroxysmal motor paralysis (hemiplegia/
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Table 1

Clinical, genetic, and laboratory data of the 33 patients.

Pt No Gender Ageatthetimeof  Mutation Nucleotide ‘ype of Age at Initial symptoms Seizure type (age at the initial Age at Neurological sign Mental Interictal EEG Cyclic Microcephalus  Short
the study (years/ change (amino acid mutation onset seizure, years/months) diagnosis i findings vomiting stature
months) change) {(months) (years/ CSF/ Ataxia  Dystonia P lal cpisodes

months) blood sign (complex movement
glucose disorders)
ratio
1 M 9/8 cINC>T Missense 12 Developmental delay ~ PS (2/10) s 0.37 Y N N Mild Exercise-induced Mild, F spikes from N N N
(p.Ser324Leu) paraplegia  dyskinesia TKBIQ = 65 infancy to school
age
2 12/ <988C>T Nonsense 4 Rotatory nystagmus  AS (0/7) ~ infancy, GCS/late 70 0.36 Y Y Y Diplegia N Severe F spikes duting Y N Y
(p.Arg330X) infan preschool age
3 M 16/1 ©.745_746insC Frameshift 4 Myoclonic seizures AS/infancy ~ present 6/9 NE Y Y Y Diplegia Rt hemiparesis Severe GSW from N N Y
(p-Arg249 fs) (29 mg/ (TKBinet = 30) infancy
dy
4 M 16/3 119G > A Missense 8 Horizontal & MS (2/0) ~ Ab/school age 12/2 045 Y Y Y Paraparesis N Moderate. GSW during Y N N
(p.Argd00His) rotatory nystagmus (FSIQ = 48) school age
H M 18/8 ¢.579delC Frameshift 6 Opsoclonus PS (1/9), Ab/adolescence 14/7 0.29 Y Y Y Diplegia Hemiplegia/ Severe GSW during Y N Y
(pJIc19311efsX36) dyskinesia school age
6 M 20/5 ¢.84C> G (p.Tyr28X) Nonsense 2 Myoclonic seizures MS/infancy, CPS/late infancy~ /7 03 Y Y Y Tetraplegia N Severe No epileptic Y N Y
abnormality
7 F 35/2 c971C>T Missense 15 Febrile scizure GTCS/early childhood 33/3 NE N N N N Dystonia Mild GSW during N N N
(p.Ser324Leu) school age
8 F 10/7 €997C>T Missense 15 Myoclonic seizures MS + GTS/early childhood 4/1 0.34 Y Y Y Diplegia N Moderate F spikes from Y Y Y
(p-Arg333Trp) DQ =46 infancy to school
age
9 M 12/7 €.902_903insC Frameshift 3 Absence attack AS + GTCS/infancy, 6/6 0.31 Y Y Y Tetraplegia N Severe DQ = 13 F spikes from Y N N
(p-A301£:X380) AA + GTCS/early childhood, infancy to school
AAPS/school age age
1o F 12/4 Not identified 1 Eye-rolling up with CPS, Ab/infancy, AS/early 5/4 NE Y Y Y Paraplegia N Severe GSW during Y Y Y
no response childhood, A, AS/school age. (30 mg/ preschool age
AS/adolescent diy
u F 2/10 679+ 1G> A Splice site 9 Focal twitching of PS (monthly)/infancy 5/3 0.36 Y Y Y Paraplegia N Severe GSW + C spikes N Y Y
mutation the face with cyanosis from infancy
for 2-3 min
12 M 14/0 Not identified 2 Opsoclonus PS/infancy, GTSA + AS 740 0.39 Y Y Y Paraplegia N Moderate ND Y Y Y
(daily)/early childhood, GTCS
(yearly)/adolescent
13 F 14/0 Not identified 5 Opsoclonus GTS/infancy, AA/carly 3/0 039 Y Y Y N Mild 2-3GSW from Y Y N
childhood, AS/adolescent infancy
4 F 70 Not identified 3 Opsoclonus Abfinfancy, AS/early s/6 0.38 Y N Y N Mild No epileptic Y Y
childhood, AS/adolescent abnormality
15 F 4/9 €221G>C Missense 36 Eye rolling-up with AA/early childhood 477 NE N N Ataxia Borderline GSW during Y N.D. N
(p.GlyT6Ala) motion arrest and (38 mg/ preschool age
Loc dl)
16 M 9/6 €997C>T Missense 3 GTS PS + GTS/infancy, /9 034 N N N Ataxia Mild No epileptic Y N N
p.Arg33sTep GTCS + vomiting/early abnormality
childhood
17 M N ¢.1279_1280ins26 Frameshift Neonatal Paroxysmal Nystagmus with LOC/infancy 2/7 0.32 Y N N.D. N Ataxia Moderate F spikes during N N
(p.Glnd27 fs) period nystagmus preschool age
18 F 16/0 c.884C>T Missense s GTCS GTCS/infancy, 8/4 04 Y N Diplegia Ataxia/hemiplegia/ Mild C spikes during Y Y N
(p-.Thr295Met) AA + vomiting/early tetraplegia/balisms, infancy
childhood, GTCS, CPS/ chorea
adolescent
19 F 76 ¢376C>T Missense 17 GTCS 2GTCS/easly childhood, main 43 .29 Y N N N Atonia with LOC Mild. 46 months/GSW, N N Y
(p-Argl26Cys) features were paroxysmal KABC =60 CT spikes from
hypotonia with LOC school age
20 F 6/2 p.Asp326Glyfs Frameshift 6 GTCS GTCS, PS/infancy carly 3/11 0.32 Y Y N N Mild No epileptic N N
childhood TKBinetlQ =74 abnormality
21 F 502 ©.431_432delTG Frameshift 9 Tonic stiffening GTS/infancy, AAfearly 2/11 0.3 N N N Moderate GSW, CT spikes N N
{p.Vall44GlyfsX2) during crying childhood DQ =49
22 M 29/10 Not done 13 GTCS GTCS/infancy, AA/school age 2/10 0.4 Y Y Diplegia Ataxia, myoclonus Moderate Epileptic Y Y N
WISCHI abnormality
FSIQ < 50 during adolescent
age
23 F 8/10 €997C>T Missense 17 PS PS/early childhood, Ab/school 4/3 0.35 Y N N N Ataxia (4/1)/atonia Mild Epileptic N N N
(p.Arg333Trp) age abnormality
during preschool
age
24 F 2115 €.1198_1199insTCCAC Frameshift 5 Developmental delay CPS + CSGTCS/early 21/4 0.43 Y N N Diplegia Atopia Mild Epileptic N N.D. ND.
(p.Argd00Leufs) childhood abnormality
during school age
25 F 16/0 ©988C>T Nonsense 3 Prolonged atonia CPSfinfancy & early childhood 97 0.39 Y Y N Diplegia Atonia with dystonic Severe Epileptic N N N
(p.Arg330X) with LOC only posture abnormality
during school age
26 M 6/10 c1279-1G> A Splice site 4 Cyanotic attack CPS & FS/early childhood 4/m 0.36 Y N Y Paraplegia N Severe Focal spikes N Y N
mutation during preschool
age
27 F 15/8 ¢835C>T Nonsense 2 GTCS Prolonged atonia with LOC/ 4/ 0.336 Y N N N Severe ND N N.D. N
(p.GIn279X) school age
28 F 18/4 c988C> T Nonsense 2 Apneic attack GTS/once in infancy, PS/ 16/7 034 Y N N Diplegia Right hemiplegia/ Mild Epileptic N N N
(p-Arg330X) adolescent atonia abnormality from
adolescent age
29 F 779 c.l13dela Frameshift 1 Apneic attack CPS$ (monthly)/infancy to 3/4 038 Y N Y Y Atonia Severe F spikes from N N N
(p.Lys38ArgfsX2) school age adolescent age
30 M 14/8 Cl272T > A Nonsense 3 Apncic attack CPS (yearly)/9 m, Ab (daily)/ 7 0.35 Y Y Y Paraplegia = N Moderate GSW from school Y Y Y
{p.Tyrd24X) early childhood. GTCS age
(yearly)/adolescent
3 M 1471 c1031T>C Missense 3 GTS frequent & GTS/infancy, GTS + AS/ 10/9 048 Y N Paraplegia N Severe GSW from school Y Y
. (p-Met344Thr) resistant school age, GTS/adolescent age
32 M 11/4 €1031T>C Missense 48 GTCS {monthly)/early i 047 N N N N Moderate No epileptic N N N
{p-Met344Thr) childhood ~ school age abnormality
33 F 14/11 ExI_8defEx9,_10dup Deletion/ 6 Ataxia & hypotonia Lt hemiconvulsion & GTCS/ 8/5 0.36 Y N Y N Moderate, GSW from school N N N
duplication infancy, CPS/early childhood, TKBinetlQ =39 age

AS, AA/school age

Abbreviations: F: female, M: male, GTCS: generalized tonic clonic scizures, GTS: gencralized tonic scizures, LOC: loss of consciousness, AS: atonic seizures, AA: atypical absence seizures, CPS: complex partial seizures, MS: myoclonic seizures, PS: partial seizures, NE: not examined, CSF/BG: CSF glucose value/blood glucose value, F: frontal, GSW: generalized spike-and-
wave complex, ND: not detected, CT: centrotemporal.

" Mother—child case.

Proband-sibling case.
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Table 2

Relationship between mental outcomes at the last follow-up and the onset age of the first symptoms as well as CSF/blood glucose ratio.

Borderline to Mild Moderate Severe (IQ < 35) P values
(80>1Qz=55) (55>1Q23%)
N 12 9 12
Onset age of the first neurological symptoms 10.50 £9.78 11.61 + 14.49 3.92 +2.58 0.1439
(months)
CSF/blood glucose ratio 0.361 & 0.041 (N = 10)" 0.376 £ 0.056 0.357 + Q.OSS 0.7092
(N =10)

* CSF glucose levels were only examined in 2 cases for each.

tetraplegia) were reported in 30.3%, 39.4%, and 33.3%
of patients, respectively. One patient (case 7) was diag-
nosed with paroxysmal exercised-induced dyskinesia
because the attacks were brief and mostly occurred dur-
ing physical exercise. Otherwise, cyclic vomiting (45.5%)
and paroxysmal headaches (6.1%) were also reported.

The factors that most frequently aggravated these
paroxysmal and static neurological symptoms were hun-
ger, exercise, fever, and fatigue, in that order, as well as
temperature changes, bathing, and drug-associated fac-
tors (2 patients each by phenobarbital and triclofos
sodium, one each by clonazepam and theophylline).
Contrary to our expectations, no aggravation by specific
foods or beverages was reported. Furthermore, the fac-
tors that most frequently improved abnormal neurolog-
ical symptoms were eating, sleeping, and resting, in that
order. Several patients were previously shown to have
recovered immediately from neurological abnormalities
following intravenous glucose drip infusion therapy at
a hospital [25]. It was also reported that patients were
more likely to exhibit gradual neurological improve-
ments over the long term as they got older.

3.4. Neuroimaging findings

Of the 33 patients analyzed, 14 underwent computed
tomography (CT) of the head. One case exhibited mild
atrophy of the cerebrum and cerebellum. Thirty patients
underwent magnetic resonance imaging (MRI) of the
head, with 12 exhibiting abnormalities. Various degrees
of cerebral atrophy and ventriculomegaly were detected
in 6 cases. Furthermore, diffuse delays in myelination
and high-signal foci at the subcortical white matter were
identified in 7 cases by T2-weighted or fluid-attenuated
inversion recovery imaging. In these 7 patients, abnormal
findings were all detected at 8 years old or younger.
Abnormalities were observed in 8 out of the 16 patients
who underwent cerebral blood flow single-photon emis-
sion computed tomography (SPECT), demonstrating
nonspecific localized reduced blood flow in various cere-
bral regions. Abnormal findings were identified in 15 out
of the 16 patients who underwent fludeoxyglucose-posi-
tron emission tomography (FDG-PET). FDG-PET
revealed that glucose uptake by the cerebral cortex was
reduced at various locations. Additionally, the relatively

elevated uptake of glucose by the basal ganglia was
detected in 9 cases, whereas that by the thalamus was
reduced in 4 cases. Taken together, these results indicated
that the myelination delay and high-signal foci in the sub-
cortical white matter observed on T2-weighted magnetic
resonance images as well as the relatively enhanced accu-
mulation of glucose by the basal ganglia and reduced
uptake of glucose by the thalamus observed in FDG-
PET study were characteristic of this disorder (Fig. 1).

3.5. EEG findings

In the interictal EEG examination, the slowing of
background activity was detected in 12 out of the 33
cases (64%). These background activity abnormalities
were improved by eating (15 cases) and glucose injec-
tions (2 cases). In infancy, an epileptiform EEG abnor-
mality was reported in 5 out of 17 cases (29.4%) who
underwent the EEG examination. In early childhood,
childhood, and adolescent and beyond, an epileptiform
EEG abnormality were identified in 15 cases (62.5%),
20 cases (80%), and 7 cases (63.6%), respectively
(Table 3). Regarding the types of epileptiform EEG
abnormalities, focal epileptiform discharges were fre-
quently observed in the infancy and early childhood
periods, while generalized spike-wave discharges at
2.5-4 Hz were more frequently seen in the childhood
and adolescent periods. The focal epileptiform EEG
abnormality in early and later childhood was often
localized in the frontal region. In conclusion, the epilep-
tiform abnormality was not frequently detected during
infancy, but was increasingly identified from the early
childhood to adolescent periods in the form of general-
ized spike-wave discharges. Other neurophysiological
tests were performed in 15 cases, and abnormal auditory
brainstem responses (ABR) were noted in 3 cases,
abnormal visual-evoked potentials (VEP) in 2 cases,
and abnormal somatosensory-evoked potentials (SEP)
in 3 cases. A peripheral nerve conduction test was
performed in 9 cases with no abnormal findings.

3.6. Biochemical findings

No abnormal findings that were specific to this
disease were observed in general blood and wurine
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Fig. 1. MRI and FDG-PET (fludeoxyglucose-positron emission tomography) findings of a patient with GLUT-1 DS. (A) T2-weighted image at
12 months of age shows high intense signal in the widespread subcortical and deep white matters, suggesting delayed myelination. (B) T2-weighted
image at 2 years and 9 months of age shows multiple subcortical high intense areas. (C) FDG-PET at 3 years and 4 months of age revealed relatively
enhanced accumulation of glucose in the bilateral basal ganglia (white arrows) and hypometabolism in the bilateral thalami (white arrow heads). The

right occipital lobe is also hypometabolic.

Table 3
Routine EEG findings according to the age period.

Age period N Epileptiform EEG Focal epileptiform Generalized spike-wave
discharges (%) discharges (%) discharges (%)

Infancy (<12 months) 17 5(29.4) 3 (60) 3 (60)

Early childhood (1-6 years) 24 15 (62.5) 11 (73) 8 (53)

Childhood (6-12 years) 25 20 (80) 9 (45) 10 (50)

Adolescence and beyond (12 years 11 7 (63.6) 3(28) 9 (82)

<)

The total number of patient showing focal and generalized epileptiform discharges exceeded those having epileptiform EEG discharges because some

patients had both focal and generalized EEG discharges.

laboratory tests. Bone age was assessed in 9 cases, and 4
of these exhibited some delay. In a growth hormone-
loading test, 4 cases tested positive for the insufficient
secretion of growth hormones.

3.6.1. Cerebrospinal fluid (CSF) examination

CSF was analyzed in 32 cases, excluding one case of
an adult patient (mother of an affected boy, case 7). In
this case, the proband (case 1) was unexpectedly found
to have GLUT-1DS by the CSF analysis, which was per-
formed to identify the cause of paroxysmal dyskinesia.
The mean CSF glucose level was 32.4 mg/dL (26—
42 mg/dL), and mean CSF (C)/blood (B) glucose ratio
(C/B ratio) was 0.36 (0.28-0.48). When the cut-off values
for diagnosis (CSF glucose level less than 40 mg/dL and
C/B ratio less than 0.45) were applied, CSF glucose lev-
els below 40 mg/dL were observed in 91% of all 45 CSF
tests, and C/B ratios were below 0.45 in 89% of all 44
CSF tests. Mean lactate and pyruvate levels were
9.6 mg/dL (6.0-13.1 mg/dL) and 0.68 mg/dL (0.39-
1.5 mg/dL), respectively. The mean lactate/pyruvate
ratio was 15.4 (7.1-23.0).

3.7. Genetic diagnosis

Pathological mutations in the SLC2A4] gene were
identified in 28 out of the 32 cases (87.5%) who

underwent genetic testing. The remaining 4 patients
(12.5%) who were given a clinical diagnosis of GLUT-
IDS based on a low CSF C/B ratio were negative for
the SLC2A41 gene mutation. Genetic testing has not
yet been conducted in the one patient. The genetic muta-
tions identified were missense (11 cases), frame shift (8
cases), nonsense (6 cases), and splice site mutations (2
cases), as well as a large scale deletion (1 case) (Table 1).
Arg333 and Arg330 mutations, which were detected in
multiple nonconsanguineous family lines, were thought
to be prevalent mutation sites. Familial cases were
identified in two family lines (cases 1 and 7, cases 31
and 32), with the details of one being described else-
where [201. Three cases of GLUT-1DS with SLC241
mutations (case 18, 31, 32) did not exhibit the low
uptake of 3-O-methyl-p-glucose by erythrocytes.
Regarding the types of mutation (missense vs. trun-
cating mutation) in relation to clinical symptoms, the
significantly later onset of the initial symptoms, higher
C/B ratios, and better mental outcomes were observed
in patients with missense mutations (P < 0.05)(Table 4).

4. Discussion
Since we reported the first case of GLUT-1DS in

Japan in 2004, the number of cases has gradually
accumulated [18,20.24). This study is a first nation-wide
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Table 4
Relationship between types of SLC2A mutation and the onset age of the first neurological symptoms as well as CSF/blood glucose ratio and mental
outcomes.
Missense mutation Truncating mutation’ P values

N 11 17
Onset age of the first neurological symptoms (months) 16.27 + 14.02 4.38 +2.64 0.001
CSF/blood glucose ratio 0.388 4+ 0.066 0.344 £ 0.037 0.0225
Mental outcomes

Borderline to  Mild 7 3

Moderate 3 4 0.0166

Severe 1 10
Epilepsy 11 16 0.6071
Paroxysmal episodes (Complex movement disorders) 7 7 0.2200
Pyramidal sign 5 13 0.1027
Postnatal microcephaly 3/10° 3/15" 0.4553
Short statue 3 6/16" 0.4488
Cyclic vomoting 5 5 0.3205

" A number of cases excluded those without the information.

" It included nonsense mutation, frame shift mutation, splice site mutation and deletion/duplication.

survey of GLUT-1DS in Japan to elucidate the preva-
lence, clinical characteristics and prognosis of the Japa-
nese patients. This survey found a total of 57 genetically
confirmed or clinically diagnosed cases of GLUT-1DS
and the clinical data of 33 of these were submitted for
analyses.

As GLUT-1DS is an epileptic encephalopathy that can
be treated with ketogenic diet therapy (KD), an early
diagnosis as well as early introduction of the KD to pre-
vent a chronic glucose deficiency in the brain is expected
[5.171 A special form of ketone milk (Ketone Formula,
Meiji Co., Ltd., Tokyo, Japan) can be started to treat
patients from the neonatal period in Japan. Therefore,
establishing guidelines for the early diagnosis of GLUT-
1DS is important for the early introduction of KD. In
the present study, we investigated the clinical and neuro-
logical symptoms of patients with GLUT-1DS in detail in
order to identify key symptoms specific to this syndrome.

In this study, most patients with GLUT-1DS devel-
oped the initial clinical symptoms from early infancy,
which is consistent with previous findings [2,4,5]. Con-
vulsive seizures, paroxysmal attacks of abnormal eye
movements, and apnea/cyanotic attacks were most fre-
quent manifestations in that order up to 12 months of
age. Furthermore, patients had diverse epileptic seizure
types, including GTCS, myoclonic, absence, atonic,
and partial seizures. As previously reported, GTCS
and absence seizures were identified as the two most fre-
quent seizure types observed in all ages [26]. Myoclonic
and astatic seizures were also reported. As absence,
myoclonic, and astatic seizures are generally produced
by generalized spike and wave complexes, the frequent
occurrence of interictal generalized 2.5-4 Hz spike-wave
EEG discharges in our patients was consistent with
these seizure phenotypes [27].

Complex movement disorders (paroxysmal episodes
of ataxia, dystonia/dyskinesia, and motor paralysis)

including one case of paroxysmal exercised-induced dys-
kinesia were noted in 45% of cases and mostly after
infancy. Not only paroxysmal symptoms important,
but also abnormal neurological findings were considered
important, including hypotonia, cerebellar ataxia, dys-
tonia, and dysarthria of different degrees. Another
important result was that neurological abnormalities
were aggravated by hunger (especially morning fasting),
exercise, body temperature elevations (fever, hot
weather, and bathing), and fatigue, and were improved
by eating, sleeping, and resting. However, the fluctua-
tions in neurological abnormalities observed in associa-
tion with hunger or eating may not necessarily be clear
in the early clinical course of the disease.

In the present study, CSF tests were the most effective
diagnostic method and should be conducted whenever
the aforementioned paroxysmal and nonparoxysmal
neurological abnormalities are noted {28]. It was impor-
tant for CSF glucose levels to be 40 mg/dL (2.2 mMol/
L) or less and the C/B ratio to be 0.45 or less (mean,
0.35) despite normal blood glucose levels. Furthermore,
lactate levels should be normal to low. The results of this
study indicated that the recommended CSF glucose lev-
els of less than 40 mg/dL and CB ratios of less than 0.45
were appropriate [2,17}. However, the time between the
collection of cerebrospinal fluid and blood must be
strictly defined, and should more closely follow the rec-
ommendation of Klepper et al., who stated that blood
sampling should be performed 4-6h after breakfast
when blood glucose levels have stabilized and also that
blood glucose should be measured first in order to avoid
high blood glucose levels due to the stress of a lumbar
puncture [171

A number of atypical groups, which lack neither fre-
quent epileptic seizures nor severe neurological symp-
toms despite the typical laboratory and genetic
abnormalities, have recently been  described
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[3,10,12,29-311. Leen et al. [9] classified GLUT-1DS into
three clinical phenotypes based on an analysis of genet-
ically-confirmed 57 cases: (1) classic clinical phenotype:
accounting for 85% of all cases, this group was classified
into an early-onset type (onset at 2 years of age or youn-
ger) and delayed type (older than 2 years of age); (2)
atypical phenotype: accounting for 15%, this group
was characterized by mental retardation and paroxys-
mal kinesigenic choreoathetosis (paroxysmal exertion-
induced dyskinesia) and the absence of epilepsy; and
(3) adult phenotype with only subtle symptoms.
Moreover, SLC2A1 gene mutations were also found in
various cases with established epileptic as well as neuro-
logical syndromes, such as early-onset absence epilepsy,
myoclonic-astatic epilepsy, and alternating hemiplegia
syndrome, underscoring the diversity of the clinical

31 cases or 94% of all cases were subclassified into clas-
sical phenotype, while the remaining two cases, one was
a child and another was his mother, were subclassified
into atypical phenotype and adult phenotype, respec-
tively. It was difficult to refer to the details of epileptic
phenotypes in order to determine whether established
epileptic syndromes were included in our study because
of the limitation of the questionnaire study. However, as
far as the GLUT-1DS diagnosis is concerned, the pres-
ence of the characteristic neurological and neurocogni-
tive abnormalities, in addition to the epileptic seizures
regardless of seizure types, can help to distinguish
GLUT-1DS from specific epileptic syndromes.

Our study included two families comprising 4 cases.
Familial cases with autosomal dominant and recessive
transmission have recently been described and included
a parent or siblings having the same SLC2A4] mutation
to a proband who exhibited the typical clinical charac-
teristics, but almost no clinical symptoms or mild symp-
toms [9,20,30,327. Hashimoto et al. already reported the
details of the two families included in the present study,
in which both families included an affected parent and
sibling and mild clinical symptoms in the mother were
undiagnosed until the proband was diagnosed [20].

EEG findings have frequently been examined in chil-
dren with GLUT-1DS because epileptic seizures have
been identified as the primary symptoms in most
patients [18]. In this study, the slowing of background
activity, epileptic focal spike discharge, especially from
the frontal region, and generalized 2.5-4 Hz spike-wave
discharges were detected from early childhood and most
frequently during the adolescent and later period. The
epileptic EEG abnormality was generally infrequent
during infancy and increased in frequency after early
childhood. However, the most important EEG. finding
was the improvement observed in both epileptic abnor-
malities and background activities by the consumption
of food or administration of a glucose injection
[18,25]. The EEG examination can be performed on an

outpatient basis such that the first EEG can be recorded
in the morning after a whole night of fasting and the sec-
ond EEG can be performed 30 min after breakfast,
thereby showing marked EEG improvements and pro-
viding important information for an accurate diagnosis
of GLUT-1DS.

Neuroimaging abnormalities including cerebral atro-
phy, myelination delay, and high-signal foci in the sub-
cortical white matter (T2-weighted fluid-attenuated
inversion recovery imaging) were reported; however,
none of these were specific to this syndrome by them-
selves. In contrast, the relatively enhanced accumulation
of glucose by the basal ganglia and reduced uptake of
glucose by the thalamus on FDG-PET are considered
to be very specific to GLUT-1DS [33]. However, FDG-
PET scanning is not highly recommended when attempt-
ing to diagnose GLUT-1DS because it is expensive and
its usefulness in early diagnosis has not been proven.

Heterozygous de novo mutations in the SLC2A1 gene
(1p35-31:3, OMIM 138140) have been detected in
approximately 70%-80% of patients with GLUT-1DS,
and causes this syndrome due to haploinsufficiency
[8,9,34]. Genetic mutations were not detected in 10%—
20% of cases, which is consistent with our results. Five
patients in the present study including 4 without identifi-
able SLC2A4] gene mutations were clinically diagnosed
with GLUT-1DS based on their clinical symptoms and
low CSF glucose levels as well as good responses to
KD. A previous study speculated that potential disease
mechanisms in patients without mutations in the coding
regions of the SLC2 A1 gene could be posttranscriptional
modifications such as alternative splicing, defects in N-
glycosylation, GLUT-1 trafficking and GLUT-1 assem-
bly, which affect the GLUT-1 function[35]. Patients with
a missense mutation frequently exhibit milder clinical
symptoms; however, no clear genotype-phenotype rela-
tionship has yet been established {9]. The results of this
study also showed that patients with a missense mutation
had better mental outcomes, later onset age of the first
symptoms, and milder C/B ratio. This study included 3
cases of GLUT-1DS with SLC2AI missense mutations
who did not exhibit the low uptake of 3-O-methyl-p-glu-
cose by erythrocytes. Recent study demonstrated that the
specific type of mutation alter GLUT confirmation and
asymmetrically affects glucose flux across the cell by per-
turbing efflux (glucose release in CSF) than influx
(uptake of glucose) [36]. A diversity of phenotypes was
observed among patients with the same mutation and
even within autosomal dominant family members, sug-
gesting a complex onset pathomechanism. The results
of our study were also consistent with findings reported
in the US and Europe.

In conclusion, this study demonstrated that unex-
plained paroxysmal abnormal eye movements, apneic/
cyanotic attacks, and convulsive seizures in infancy in
combination with complex movement disorders (ataxia,
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dystonia/dyskinesia, and motor paralysis) in early child-
hood and thereafter were important clinical manifesta-
tions for suspected GLUT-1DS. An early CSF study is
recommended for these patients and the early introduc-
tion of KD or ketone milk is important to prevent irre-
versible brain dysfunction due to the chronic depletion
of glucose in the brain. Further studies are warranted
to identify key clinical and laboratory information that
will lead to a CSF study and accurate diagnosis of
GLUT-1DS at as early an age as possible. We need a
more accumulation of GLUT-1DS cases whose early
clinical and EEG information can be obtained in details
to make an accurate diagnostic and treatment guideline.
We also need to confirm whether the early introduction
of KD can improve brain function and prevent second-
ary brain disorders.
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Abstract

Background: Mitochondrial fatty acid oxidation (FAO) disorders are among the causes of acute encephalopathy- or myopathy-
like illness. Carnitine-acylcarnitine translocase (CACT) deficiency is a rare FAO disorder, which represent an energy production
insufficiency during prolonged fasting, febrile illness, or increased muscular activity. CACT deficiency is caused by mutations of
the SLC25A420 gene. Most patients developed severe metabolic decompensation in the neonatal period and died in infancy despite
aggressive treatment.

Patients and methods: We herein report the clinical findings of two unrelated cases of CACT deficiency with mutation confirma-
tion, and in vitro bezafibrate responses using in vitro probe acylcarnitine (IVP) assay. Patients 1 and 2 are products of nonconsan-
guineous parents. Both patients developed cardiac arrest at day 3 of life but survived the initial events. Their blood chemistry
revealed hypoglycemia and metabolic acidosis. The acylcarnitine profiles in both patients demonstrated increased long-chain acyl-
carnitines, suggesting CACT or carnitine palmitoyltransferase-2 (CPT2) deficiency.

Results: The mutation analysis identified homozygous IVS2-10T>G in the SLC25420 gene in both patients, confirming the diag-
nosis of CACT deficiency. The IVP assay revealed increased C16, C16:1, but decreased C2 with improvement by bezafibrate in the
cultured fibroblasts. The short-term clinical trial of bezafibrate in Patient 1 did not show clinical improvement, and died after start-
ing the trial for 6 months.

Conclusion: This splicing mutation has been identified in other Asian populations indicating a possible founder effect. IVP assay
of cultured fibroblasts could determine a response to bezafibrate treatment. A long-term clinical trial of more enrolled patients is
required for evaluation of this therapy.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondrial fatty acid oxidation (FAO) disorders
are among the causes of neuromuscular symptoms as
well as acute encephalopathy or even sudden death. In
particular, the carnitine cycle is important in energy-
producing pathway for cardiac and skeletal muscle and
for preventing from hypoglycemia especially during pro-
longed fasting or increased muscular exercise. Carnitine—
acylcarnitine translocase (CACT, EC 2.3.1.21) is one of
the enzymes in the carnitine cycle, which catalyzes the
transfer of the long-chain fatty acylcarnitines across the
inner mitochondrial membrane in exchange of free carni-
tine. CACT deficiency (OMIM 212138) was first
described in 1992 [1]. It is an autosomal-recessive disease
caused by mutations of the SLC25420 gene located in
chromosome 3p21.31 [2]. The gene consists of 9 exons
and encodes protein comprising 301 amino acids [3].
CACT deficiency is a very rare disorder with so far as
approximately 30 patients have been described, and
accounted for 10% of patients with FAO disorders in
French population [4]. However, it might be a common
FAO disorder in some East Asian countries such as
Hong Kong with the estimated incidence of 1 in 60,000
live births, and accounted for 33% of patients with
FAOQO disorders [5]. Most patients develop neonatal-onset
encephalopathy with nonketotic hypoglycemia, hyper-
ammonemia, and hypothermia, or sudden death from
cardiac arrhythmias. Cardiomyopathy and hepatic dys-
function may be the associated complications. CACT
deficiency could be detected by elevations of C16 and
C18 acylcarnitines, and low free carnitine in acylcarni-
tine profiles. However, the same profile could be found
in neonatal carnitine palmitoyltransferase-2 (CPT2) defi-
ciency. Therefore, confirmation of diagnosis requires
CACT enzyme assay or molecular analysis of the
SLC25A420 gene [6]. Treatment includes intravenous glu-
cose for acute decompensation, and avoidance of long
fasting with frequent meals. Long-chain fatty acids
may be restricted in diet, but medium-chain triglyceride
(MCT) oil is supplemented instead. Carnitine therapy
is still controversial. Despite aggressive treatment, most
patients still died in infancy [7]. However, there have
been some patients who received early treatment with
good outcomes [8,9]. Novel therapy for FAOD using
bezafibrate, which is a hypolipedimic drug acting as a
peroxisome proliferator-activated receptor (PPAR) ago-
nist has been reported. The clinical trials of bezafibrate
showed clinical improvement in adult patients with
CPT2 deficiency [10], and a child with glutaric acidemia
type 2 (GA2) [11}. In vitro probe acylcarnitine (IVP)
assay can be used to evaluate FAO disorders {12}, and
determine the effect of bezafibrate [13]. We herein report
the clinical findings of two unrelated cases with neonatal-
onset CACT deficiency, and in vitro bezafibrate response
using the IVP assay.

2. Patients and methods
2.1. Patients

2.1.1. Case 1

This patient was the first child of possibly consan-
guineous parents from the southern province of Thai-
land. He was born at 37 weeks of gestation with birth
weight of 2460 g (25th percentile), length 48 cm (3rd per-
centile), and head circumference 30 cm (<3rd percen-
tile). He developed hypothermia at 10 h of age. Sepsis
was suspected, but the patient rapidly responded to
rewarming treatment. However, after rooming-in with
the mother, he developed hypothermia again. At 60 h
after birth, he had cardiac arrest. On physical examina-
tion, no abnormalities were found. Serum glucose was
1.2 mmol/L and acetoacetate was 0 mmol/L. Venous
blood pH was 7.24 and serum bicarbonate was
13 mmol/L with an anion gap of 20. Plasma ammonia
was 471 umol/L (normal, <110 pmol/L). There were
mildly elevated liver enzymes aspartate aminotransfer-
ase (AST) (97 U/L; normal, 0-32) and alanine amino-
transferase (ALT) (78 U/L; normal, 0-33). Serum
creatine kinase was 4439 U/L (normal, <190). He had
a good response to treatment with intravenous glucose
administration. Urine organic acids were unremarkable.
A dried blood spot acylcarnitine profile by tandem mass
spectrometry (MS/MS) showed free carnitine (CO0),
5.26 pM (10-60); Cl6-acylcarnitine, 14.14 pM (0.6-7);
Cl8-acylcarnitine, 2.71 pM (0.15-2.1); C18:1-acylcarni-
tine, 4.3 pM (0.3-3.2); and a (Cl6+ C18)/CO ratio,
3.21 (0.007-0.5). The profile was consistent with CPT2
or CACT deficiency. The patient has been treated with
a modular medical formula, which has been composed
of modified fats (long-chain fatty acid restriction along
with supplementation of 83% of fat as medium-chain tri-
glyceride oil), protein, maltodextrins, minerals, and fat-,
and water-soluble vitamins. r-Carnitine at a daily dos-
age of 100-150 mg/kg has been supplemented. Thereaf-
ter, he has had several episodes of hypoglycemia,
hyperammonemia, and metabolic acidosis following
infections. At 8 months of age, he developed cholestasis
and hepatomegaly. At 9 months of age, an echocardio-
gram revealed hypertrophic cardiomyopathy. At the
age of 15months, he had mild developmental delay
and generalized hypotonia. He could stand with
support, put block in cup, and say one word. Then he
had a metabolic crisis, and developed generalized weak-
ness. After he recovered from encephalopathy, neuro-
logic examination revealed normal cranial nerves,
muscle weakness (grade 3/5), and decreased muscle tone
and deep tendon reflexes (1+4) in all extremities. A brain
computed tomography scan was normal. Serum creatine
kinase was elevated (1419 U/L). A nerve conduction
study showed no evidence of demyelination. He had
been ventilator-dependent since then. At 2% years of
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age, he had several complications including chronic liver
disease, upper gastrointestinal bleeding, and osteoporo-
sis. He died at the age of 2 years and 8 months from
upper gastrointestinal  bleeding and metabolic
decompensation.

2.1.2. Case 2

The patient was the first child of nonconsanguineous
parents. She was born at 35 weeks of gestation with a
birth weight of 2.3 kg (50th percentile), length 44 cm
(25th percentile), and head circumference 30 cm (10th
percentile). At 2 days after birth, she developed lethargy,
poor feeding, and cardiac arrest. Blood glucose was
0.56 mmol/L. She responded to cardiac resuscitation
and intravenous glucose infusion. Serum acetoacetate
was 0 mmol/L. Venous blood pH was 7.39 and serum
bicarbonate was 13 mmol/L with an anion gap of 20.
Plasma ammonia was 157 pmol/L (normal, <110 pmol/
L). There were elevated liver enzymes AST (638 U/L;
normal, 0-32) and ALT (83 U/L; normal, 0-33). Plasma
lactate dehydrogenase (LDH) was 522 U/L (normal,
240-480). An echocardiogram revealed no cardiomyopa-
thy. A dried blood spot acylcarnitine profile by MS/MS
analysis showed CO0, 13.8 uM (10-60); Cl6-acylcanitine,
15 uM (0.6-7); Cl8-acylcarnitine, 4.3 uM (0.15-2.1);
Cl18:1-acylcarnitine, 59uM  (0.3-3.2); and a
(C16 + C18)/C0 ratio, 1.4 (0.007-0.5). The profile was
consistent with either CPT2 or CACT deficiency. The
patient had been treated with a high-MCT formula
(Portagen®, Mead Johnson Nutritionals), and 100 mg/
kg/day of L-carnitine. At 1 month of age, she developed
anemia from Hb AE Bart’s disease — a thalassemia inter-
media resulting from the interaction between o-thalasse-
mia and heterozygous Hb E, which required monthly
blood transfusion. At the age of 4 months, she had poor
feeding and cardiac arrest. Blood glucose was 0.5 mmol/
L. The patient died without any response to resuscita-
tion. An autopsy revealed left ventricular hypertrophy,
micro/macrovesicular steatosis of the liver with focal
areas of bridging fibrosis, and abnormal lipid accumula-
tion in skeletal muscles and the proximal renal tubules.

2.2. Materials and methods

This study was approved by the Siriraj Institutional
Review Board. The written informed consents for the
mutation analysis, IVP assay, and bezafibrate trial were
obtained from the parents. Genomic DNA was
extracted from leukocytes. Mutation analyses of the
CPT2 and SLC25A420 genes were performed in case 1,
and only SLC25420 gene in case 2. All coding exons
and their flanking intron sequences (up to 20 bases for
both sides) of the CPT2 and SLC25A420 genes were
PCR-amplified and directly sequenced according to the
previously described method [14]. The IVP assay was
performed using the skin fibroblasts in the absence

and presence of bezafibrate according to the previously
described method [11].

3. Results
3.1. Mutation analysis and IVP assay

Mutation analysis of the SLC25420 gene identified
homozygous ¢.199-10T>G (IVS2-10T>G) mutation in
both patients, and heterozygous mutation in their par-
ents (Fig. 1). Mutation analysis of the CPT2 gene
revealed no pathogenic mutation in Case 1. The IVP
assay profiles revealed increased C16, C16:1 acylcarni-
tines, and decreased C2 (acetylcarnitine) indicating a
typical pattern of CPT2 or CACT deficiency, with sub-
stantial reduction of long-chain acylcarnitines by the
presence of bezafibrate in the cultured fibroblasts from
both patients (Fig. 2). However, C2 acylcarnitine did
not increase as expected.

3.2. Clinical trial of bezafibrate

We started a clinical trial of bezafibrate in case 1 at
age of 2 years and 2 months, after the IVP assay which

Intron 2 sesmmmemsmene

me}» 2 Exon3
1 3'
T CTTCTGTGATTCCTTGCAGGG

Control

Father

Patient |

Mother

Patient2 {11} i i

Mother m i

Fig. 1. The reference DNA sequence of an intron 2/exon 3 boundary
of the SLC25420 gene, and the IVS2-10T>G mutation identified in
both patients and their parents denoted by black arrows and the
underlined letter.
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Fig. 2. Acylcarnitine profiles of IVP assay in the presence and absence
of bezafibrate (BEZ) of cases I, 2, and normal control respectively.
Unit of vertical lines, nmol/mg protein of acylcarnitines (ACs); the
horizontal lines represent acylcarnitines from C2, C4, C6, C8, C12,
Cl4, Cl4:1, C16, and Cl16:1. The experiments for each were performed
in triplicate, and the mean values of ACs are illustrated with bars.

showed some improvement in acylcarnitine profiles with
bezafibrate. We used a dosage of 17-25 mg/kg/day as
previously described [11]. Monitoring of liver functions,
lactate dehydrogenase (LDH), creatine kinase (CK), and
lipid profiles showed no adverse effects of bezafibrate. A
short-term evaluation, after 6 months of the trial, did not
show clinical improvement except for slightly increased
back muscle strength noted by the mother. An echocar-
diography showed stable but no improvement in a left
ventricular mass index. Acylcarnitine profiles in dried
blood spots and other biochemical parameters did not
show improvement (data not shown). Case 2 died before
a clinical trial was considered.

4. Discussion

We report 2 unrelated cases of CACT deficiency with
molecular confirmation first identified in Thailand. The
€.199-10T>G (IVS2-10T>G) nucleotide change was the
most prevalent mutation and identified in 14 out of 76
mutant alleles {15]. This mutation was homozygously

identified in three Vietnamese and three Chinese
patients. In the present study, in spite that two families
had no consanguineous history, both patients were also
a homozygotes of the ¢.199-10T>G mutation. In Japan,
three CACT deficient patients have been described.
Among them the same mutation was identified heterozy-
gously in only one patient [14]. We propose that this
mutation is a founder mutation in Asian populations.
Clinical history of the three Chinese patients with homo-
zygous ¢.199-10T>G mutation were reported {16]. All of
them developed cardiac arrest within two days of age, as
well as our two patients. Hence the phenotype of homo-
zygotes of ¢.199-10T>G mutation is severe. This muta-
tion was suggested to reside at a consensus lariat
branch point sequence resulting in skipping of exons 3
and 4 or exon 3 alone, which leads to truncation of the
protein [17].

Although our cases 1 and 2 were homozygotes of the
same mutation, Case 1 survived until 2 years and
8 months and Case 2 died at 4 months of age. Several
factors might attribute to their different clinical out-
comes: (1) Thalassemia disease in case 2 which required
repeated blood transfusions might affect cardiac func-
tions by chronic hypoxia, iron overload, or decreased
carnitine [18}% (2) differences in possible modifier genes
such as SLC25429 gene (CACT-like, CACL) which
has palmitoyl-carnitine transporting activity [19]; and
(3) different formulas using in our cases, one is a syn-
thetic modular formula and the other is a commercial
formula. However, the rationale of both special formu-
las for diet therapy is a reduction in long-chain fatty
acids together with supplementation of medium-chain
triglyceride oil to be a caloric source shunting an
obstruction of long-chain fatty acid B-oxidation.

Although increased FAO flux induced by bezafibrate
was clearly shown in fibroblasts only from patients with
mild phenotypes of FAO disorders, increased mRNA
expression after bezafibrate exposure also occurred in
cell lines from patients with severe phenotypes [207. This
could explain in vitro response to bezafibrate observed in
fibroblasts of patient 1 and 2. Despite the severe geno-
type leading to barely detectable enzyme activity [21],
we believe that there should be some FAO flux which
could be enhanced by bezafibrate in these patients.
Our hypothesis is if there is entirely absent FAO flux
in these patients, they should have anomalies like those
found in a lethal neonatal form of CPT2 deficiency or
GA2 {22}, even though there has been no report of such
findings in CACT deficiency. To our knowledge, patient
1 is the first case of neonatal-onset CACT deficiency
who underwent a clinical trial of bezafibrate after show-
ing an in vitro response by IVP assay. However, no ben-
eficial short-term effect was shown. This might indicate
the irreversible damage of the affected organs esp. the
cardiac and skeletal muscles, and liver. Moreover, the
difference between the in vitro and in vivo responses is
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probably due to the difference of bezafibrate concentra-
tion used in the IVP assay (400 umol/L) and typical con-
centrations obtained in patients on bezafibrate therapy
(50-200 umol/L) [23]. Another possible reason is inade-
quate acetyl-CoA production despite bezafibrate treat-
ment. This hypothesis is supported by persistently low
C2 acylcarnitines in IVP assays of our cases and a pre-
vious case with CACT deficiency {11]. Moreover, C16
acylcarnitine did not decrease to the control level after
bezafibrate treatment. Overall, although some improve-
ment of acylcarnitine profile was shown in the patient 1
and 2’s fibroblasts in IVP assay with bezafibrate, the
effect of bezafibrate was less than those in fibroblasts
from patients with mild forms of FAO disorders
{11,241 Hence clinical improvement in this patient was
thought to be limited. Since CACT-deficient patients
who developed metabolic decompensation in early neo-
natal period had poor prognosis with routine manage-
ment [7], we decided to use bezafibrate treatment in
patient 1. He survived until two years of age with bezaf-
ibrate treatment. However, it is uncertain whether this
longer survival owed to the effect of bezafibrate treat-
ment or not, since no apparent improvement of clinical
laboratory data was obtained.

In conclusion, CACT deficiency may be a common
FAO disorder in East Asian populations probably from
a founder effect. IVP assay of fibroblasts could deter-
mine a response to bezafibrate treatment. A long-term
clinical trial and more enrolled patients are required
for evaluation of this therapy.

Acknowledgements

We would like to thank the patients and their families
for their participation in this study. N.V. is a recipient of
the Siriraj Chalermprakiat Fund.

References

[1] Stanley CA, Hale DE, Berry GT, Deleeuw 5, Boxer J, Bonnefont
IP. A deficiency of carnitine-acylearnitine translocase in the inner
mitochondrial membrane. N Engl J Med 1992:,327:19-23.

[2] Huizing M, Iacobazzi V, Ijlst L, Saveltkoul P, Ruitenbeck W, van
den Heuvel L, et al. Cloning of the human carnitine-acylearpitine
carrier ¢DNA and identification of the molecular defect in a
patient. Am J Hum Genet 1997;61:1239-45.

[3] Iacobazzi ¥V, Naglieri MA, Stanley CA, Wanders RJA, Palmieri
F. The structure and organization of the human carnitine/
acylcarnitine translocase (CACT) gene. Biochem Biophys Res
Commun 1998;282:770-4.

[4] Saudubray M, Martin D, de Lonlay P, Touati G, Poggi-Travert
F, Bomnet D, et al. Recognition and management of fatty acid
oxidation defects: a series of 107 patients. J Inherit Metab Dis
1999:22:488.-502.

[5] HuiJ, Tang NL, Li CK, Law LK, To KF, Yau P, et al. Inherited
metabolic diseases in the Southern Chinese population: spectrum
of diseases and estimated incidence from recwrrent mutations.
Pathology 2014;46:375-82.

[6] Rubio-Gozalbo ME, Bakker JA, Waterham HR, Wanders RJ.
Carnitine-acylcarnitine transtocase deficiency, chnical, biochem-
ical and genetic aspects. Mol Aspects Med 2004;25:521-32.

[71 Rubio-Gozalbo ME., Vos P, Forget PP, Van Der Meer 8B,
Wanders RJ, Waterham HR, et al. Carnitine-acylcarnitine
translocase deficiency: case report and review of the literature.
Acta Paediaty 2003;92:301-4.

[8] Iucobazzi V. Invernizzi F, Baratta S, Pons R, Chung W,
Garavaglia B, et al. Molecular and functional analysis of
SLC25420 mutations causing carnitine—acylcarnitine translocase
deficiency. Hum Mutat 2004;24:312-20.

[9] Pierre G, Macdonald A, Gray G, Hendriksz C, Preece MA,
Chakrapani A. Prospective treatment in carnitine—acylcarnitine
translocase deficiency. § Inherit Metab Dis 2007:30:815.

[10] Bonnefont P, Bastin J, Behin A, Dijouadi F. Bezafibrate for an
inborn mitochondrial beta-oxidation defect. N Engl J Med
2009;360:838-40.

[11] Yamaguchi 8, Li H, Puwrevsuren J, Yamada K, Furui M,
Takahashi T, et al. Bezafibrate can be a new treatment option
for mitochondrial fatty acid oxidation disorders: evaluation by
i pitro probe acylcarnitine assay. Mol Genet Metab
2012;107:87-91.

[12] Okun JG, Kolker 8, Schulze A, Kohimiller D, Olgemolier K,

Lindner M, et al. A method for quantitative acylcarnitine

profiling in human skin fibroblasts using unlabelled palmitic acid:

diagnosis of fatty acid oxidation disorders and differentiation
between biochemical phenotypes of MCAD deficiency. Biochim

Biophys Acta 2002;1584:91..8.

Dionadi F, Aubey F, Schlemmer D, Ruiter JP, Wanders RJ,

Strauss AW, et al. Bezafibrate increases very-long-chain acyl-CoA

dehydrogenase protein and mRNA expression in deficient fibro-

blasts and is a potential therapy for fatty acid oxidation disorders.

Hum Mol Genet 2003;14:2695-703.

(13

[uiry

Tokuyasu T,

Tokoro K. et al. Three novel mutations in the carnitine-

acylcarnitine translocase {(CACT) gene in patients with CACT

deficiency  and in healthy  individuals. J Hum  Genet
2013:38:788-93.

Wang GL, Wang I, Douglas G, Browning M, Hahn S, Ganesh §,

et al. Expanded molecular features of carnitine acyl-carnitine

translocase (CACT) deficiency by comprehensive molecular
analysis. Mol Genet Metab 2011;103:349-57.

[16] Lee RS, Lam CW, Lai CK, Yuen YP, Chan KY, Shek CC, et al.
Carnitine-acylcarnitine translocase deficiency in three neonates
presenting with rapid deterioration and cardiac arrest. Hong
Kong Med J 2007;13:66-8.

[17] Ogawa A, Yamamoto S, Kanazawa M, Takayanagi M, Hase-
gawa S, Kohno Y. Identification of two novel mutations of the
carnitine/acylcarnitine translocase (CACT) gene in a patient with
CACT deficiency. J Hum Genet 2000;45:52-5.

[18] Ei-Beshlawy A, Bl Accaoui R, Abd El-Sattar M, Gamal El-Deen
MH, Youssry I, Shaheen N, et al. Effect of rL-carnitine on the
physical  fitness  of  thalassemic  patients,  Ann  Hematol
2007:86:31-4.

[19] Sekoguchi E, Sato N, Yasui A, Fukada S, Nimura Y, Aburatani
H., et al. A novel mutochondrial carpitine-acylcarnitine transio-
case induced by partial hepatectomy and fasting. J Biol Chem
2003;278:38796-802.

[20] Gobin-Limballe S, Djouadi F, Aubey F, Olpin 8. Andresen BS,
Yamaguchi S, et al. Genetic basis for correction of very-long-
chain acyl-coenzyme A dehydrogenase deficiency by bezafibrate in
patient fibroblasts: toward a genotype-based therapy. Am J Hum
Genet 2007;81:1133-43,

[21] Costa C, Costa IM, Slama A. Boutron A, Vequaud C, Legrand
A, et al. Mntational spectrum and DNA-based prenatal diagnosis
in carnitine-acylcarnitine transiocase deficiency. Mol Genet
Metab 2003,78:68-73.

.—.
o
~

fluar’
ot
[
=
o]
w
=
=N
1
)
e
I
w
joo]
&
g
7
m
tan)

he
wct
»
k22l
&=
o]
o
<
ol
[0
&
[
©

L]
£
ot
e

[s

it

— 406 —



N. Vatanavicharn et al. | Brain & Development 37 (2015) 698-703 703

[22] Dustelmaier F, Vogel M. SpickerkStter U, Gempe!l K, Klee D,

[24] 1i H, Fukuda 8. Hase

Braunstein §, et al. Cystic renal dysplasia as a leading sign of

inherited metabolic disease. Pediatr Nephrol 2007,22:2119-24.

[23] Monk JP, Todd PA. Bezafibrate. A review of its pharmacody-

namic and pharmacokinetic properties, and therapeutic use in
hyperlipidacmia. Drugs 1987;33:339-76.

— 407 —

gawa Y. Kobayashi H., Purevsuren I,
Mushimoto Y. et al. Effect of heat stress and bezafibrate on
nsitochondrial beta-oxidation: comparison between cultured cells
from normal and mitochondrial fatty acid oxidation disorder
children using  vifro probe acylcarniting profiling assay. Brain
Dey 2010:32:362-70.




- BRAIN &

% DEVELOPMENT
&0 ~‘A Official Journal of
e < the Japanese Society
ELSEVIER Brain & Development xxx (2015} x0om-sxx of Child Neurology

www.elsevier.com/locate/braindev

Original article

Surgical versus medical treatment for children with
epileptic encephalopathy in infancy and early childhood: Results
of an international multicenter cohort study in Far-East Asia
(the FACE study)

Taisuke Otsuki®*, Heung-Dong Kim ", Guoming Luan ®, Yushi Inoue ¢, Hiroshi Baba*®,
Hirokazu Oguni’, Seung-Chyul Hong ¥, Shigeki Kameyama”, Katsuhiro Kobayashi’,
Shinichi Hirose’, Hitoshi Yamamoto ¥, Shin-ichiro Hamano', Kenji Sugai®,
FACE study group !

# Epilepsy Center, National Center of Neurology and Psychiatry, Tokyo, Japan
® Department of Pediatrics, Severance Children’s Hospital, Yonsei University College of Medicine, Seoul, South Korea
¢ Department of Neurosurgery, Beijing Sanbo Brain Hospital, Capital Medical University, Beijing, China
4 National Epilepsy Center, Shizuoka Institute of Epilepsy and Neurological Disorders, Shizuoka, Japan
¢ Department of Neurosurgery, National Nagasaki Medical Center, Nagasaki, Japan
f Department of Pediatrics, Tokyo Women’s Medical University, Tokyo, Japan
& Department of Neurosurgery, Samsung Medical Center, Sungkyunkwan University, Seoul, South Korea
Y Department of Neurosurgery, Nishi-Niigata Chuo National Hospital, Niigata, Japan
i Department of Child Neurology, Okayama University Hospital, Okayama, Japan
3 Department of Pediatrics, School of Medicine, Fukuoka University, Fukuoka, Japan
X Department of Pediatrics, St. Marianna University School of Medicine, Kawasaki, Japan
! Division of Neurology, Saitama Children’s Medical Center, Saitama, Japan

Received 25 August 2015; received in revised form 11 November 2015; accepted 13 November 2015

Summary

Objective: To compare the seizure and developmental outcomes in infants and young children with epileptic encephalopathy who
have undergone surgical and medical treatments.

Methods: An international, multicenter, observational cohort study was undertaken. A total of 317 children aged <6 years, who
had frequent disabling seizures despite intensive medical treatments, were registered. Among the enrolled children, 250 were treated
medically (medical group), 31 underwent resective surgery (resective group), and 36 underwent palliative surgery [callosotomy
(n=30) or vagal nerve stimulation (n = 6); palliative group] on admission. Seizure and developmental outcomes were obtained
for 230 children during the 3-year follow-up period. Cox proportional hazard model was used to adjust for clinical backgrounds
among treatment groups when comparing the seizure-free survival rates.

Results: At the 3-year follow-up, seizure-free survival was 15.7%, 32.1%, and 52.4% in the medical, palliative, and resective
groups, respectively. The adjusted hazard ratios for seizure recurrence in the resective and palliative groups versus the medical group
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were 0.43 (95% CI, 0.21-0.87, P = 0.019) and 0.82 (95% CI, 0.46-1.46, P = 0.50), respectively; the former was statistically signifi-
cant. Regarding the developmental outcome, the mean DQs in the resective group increased significantly compared to those in the
medical group during the follow-up (P <0.01). As for subgroup analysis, better seizure and development outcomes were demon-
strated in the resective group compared to the medical group in children with nonsyndromic epilepsies (those to which no known
epilepsy syndromes were applicable).

Significance: These results suggest that surgical treatments, particularly resective surgeries, are associated with better seizure and
‘developmental outcomes compared with successive medical treatment. The present observations may facilitate the identification of

infants and young children with epileptic encephalopathy who could benefit from surgery.
© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Epileptic encephalopathy; Epilepsy surgery; Prospective cohort study; Seizure outcome; Developmental quotient

1. Introduction

Intractable epilepsy during infancy and early child-
hood is characterized by frequent seizures and epileptic
encephalopathy, and often results in a progressive and
severe developmental delay {1--3]. The etiology varies
and includes cortical dysplasia, perinatal insults, dys-
plastic tumors, genetic abnormalities, or unknown
causes [4]. Although it was reported that surgical inter-
vention in early life could resolve epileptic encephalopa-
thy and improve the developmental prognosis in some

taken to date.

The pathophysiology of epileptic encephalopathy in
infancy and early childhood may be multifactorial.
Because the resection of focal cortical epileptogenic
pathology in children often ameliorates epileptic
encephalopathy, the presence of abnormal underlying
cortical-subcortical-cortical circuits has been proposed
(10,11}, i.e., cortical epileptic activities alter subcortical
function, which in turn results in a widespread, general-
ized functional disturbance in otherwise normal cortices.
In fact, bilateral generalized neocortical hyperexcitabil-
ity was demonstrated by producing a unilateral epilepto-
genic lesion in an animal model of infantile spasms {12}
Alternatively, epileptic encephalopathy may arise from
the cortical interneuron dysfunction that is caused by
genetic abnormalities, including mutations in the
sodium channel, voltage-gated type I alpha subunit
(SCNI1A), and aristaless-related homeobox X-linked
gene (ARX) [13,14].

Epileptic encephalopathy could itself cause the pro-
gressive deterioration of cerebral function. Spontaneous
seizures in early life may result in maladaptive synaptic
plasticity, which in turn could produce imbalances in
excitation and inhibition that contribute to learning
and behavioral difficulties [15]. Prolonged epileptic
activity in electrical status epilepticus during sleep has
been reported to interfere with normal physiological
sleep processes, and may disrupt normal cortical
processing and alter synaptic connections [16}.

To select the most appropriate surgical candidates
among children with epileptic encephalopathy, it is nec-
essary to compare the outcomes between surgical and
medical treatment in a controlled cohort study {171
However, such children are generally unsuitable for con-
trolled studies because they require urgent multidisci-
plinary treatment; furthermore, the condition is rare,
which results in treatment being concentrated to special-
ized pediatric epilepsy centers [18] Therefore, we per-
formed an observational cohort study of infants and
young children with epileptic encephalopathy who were
treated at major pediatric epilepsy centers in East Asia.
Because patient demography has already been reported
[19], this study mainly focused on the seizure and
developmental prognoses of these children.

2. Methods
2.1. Study design

An international and multicenter observational
cohort study, namely, the Far-East Asia Catastrophic
Epilepsy (FACE) study was undertaken in children with
medically intractable epilepsy. These children were
admitted to 12 collaborating pediatric epilepsy centers
in three East Asian countries between April 1, 2009
and March 31, 2010. Children aged <6 years on admis-
sion with a history of frequent disabling epileptic sei-
zures (at least 10/month), which were not suppressed
(or that were recurrent) despite intensive medical treat-
ment with more than two major antiepileptic drugs
(AEDs), adrenocorticotropic hormone (ACTH), or a
ketogenic diet before admission, were enrolled. Diagnos-
tic examinations, including electroencephalography
(EEG), magnetic resonance imaging (MRI), and devel-
opmental assessments were performed routinely in all
patients. Patients with nonepileptic conditions, atypical
forms of benign epilepsy, severe physical comorbidities,
and those with a history of surgery for epilepsy were
excluded.
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Following approval of the institutional review boards
of the participating institutions, patients were registered
and written informed consent was obtained between
July 1, 2009 and March 31, 2010. Follow-up surveys
were completed 1- and 3-years after discharge between
April 1, 2010 and September 30, 2013.

2.2. Investigation format

All data were evaluated in each hospital according to
the study protocol. Anonymous data were collected dig-
itally in an Excel™ data form developed for this study.
The collected data included epilepsy syndrome, seizure
type and frequency, EEG findings, etiology, MRI find-
ings, psychomotor development, medical and surgical
treatment undertaken, and complications. Details of
the format were reported previously [19].

2.3. Epilepsy syndrome

The epilepsy syndrome was classified based on the
International League Against Epilepsy classification
[20]. The term ‘“nonsyndromic epilepsies” was used to
define epilepsies for patients in whom no corresponding
established epilepsy syndrome was identified (http://
www ilae.org/Comission/Class). This term included
both neocortical and unclassified epilepsies in this study.

2.4. Seizure assessment

For each patient, seizure type and seizure frequency
of the most disabling seizure was assessed. Seizure fre-
quency was categorized into the following 6 classes: 1.
>10/day, 2. daily (>1/day), 3. weekly (1-6 days/week),
4. monthly (1-4 days/month), 5. yearly (>1-11 days/
year) and 6. (<1 day/year). At follow-up, seizure out-
come was evaluated based on ILAE classification. Sei-
zure frequency of the sixth category (<1 day/year)
corresponded to ILAE class 1.

2.5. Developmental assessment

The developmental status of all patients was evalu-
ated using the Vineland Adaptive Behavior Scale, Kin-
der Infant Development Scale, Enjoji Scale of Infant
Analytical Development, and Tanaka-Binet test. To
address the difference in the availability of assessment
scales among countries, we developed a specific assess-
ment scale (the FACE developmental scale) for this
study by integrating the established development assess-
ments. This developmental scale contained an assess-
ment of communication, daily living, socialization, and
motor skills (Supplementary Table 1A). The correlation
of this scale with other established developmental scales,
including the Vineland Adaptive Behavior Scale, was

validated using data obtained at the time of registration
(Supplementary Table 1B).

The FACE developmental scale was used to calculate
the developmental quotient (DQ). The DQ was defined
as the ratio of developmental age (DA) in months
divided by the calendar age (CA) in months multiplied
by 100 (DQ =[DA/CA] x 100). Because the develop-
mental scale measured DA from 0 to 67 months, chil-
dren who were expected to reach a DA of 67 months
during the study (i.e., children with a DA > 31 months
on admission) were excluded from the analysis of
sequential DQ changes over 3 years.

The gross developmental status of patients before
onset was determined from assessments made by indi-
vidual physicians in clinical records, and categorized as
borderline to normal (corresponding to a DQ of >70),
mild to moderate delay (DQ of 35-69), and severe delay
(DQ of <35).

2.6. Comparison among treatments

Patients were categorized into three groups based on
the treatment they received at initial admission: a medi-
cal group (medical treatment only), a resective group
(resective epilepsy surgery), and a palliative group [pal-
liative surgery, i.e., callosotomy or vagal nerve stimula-
tion (VNS)]. The seizure and developmental outcomes
were compared among the three groups.

2.7. Statistical analysis

Kaplan—Meier analysis was undertaken to assess the
seizure-free survival time during the follow-up period
using the seizure outcome data and the interval from
discharge to the follow-up date. Cox proportional haz-
ard models were used to adjust for the different clinical
backgrounds of the treatment groups when comparing
seizure-free survival rates. Changes in the DQ during
the follow-up period were compared using analysis of
covariance (ANCOVA) adjusted for the baseline DQ.
Statistical analyses were performed using SAS V9.2
(SAS Institute Inc., Cary, NC, USA) and IBM SPSS
22.0 (IBM Corp, Armonk, NY, USA).

3. Results

A total of 317 children (184 boys and 133 girls) were
registered into the study. Among these, 250 were treated
medically (medical group), 36 underwent palliative sur-
gery (palliative group), and 31 underwent resective sur-
gery (resective group) at initial admission. The seizure
and developmental outcomes were obtained for 281 chil-
dren (88.6%) at 1-year follow-up, and 230 children
(72.6%) at 3-year follow-up (179 in the medical group,
29 in the palliative group, and 22 in the resective group).
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3.1. Pre-admission medical treatment

Before initial admission patients were administered a
mean of 3.6 AEDs [standard deviation (SD), 2.4].
ACTH treatment was used in 54 patients (17.0%), and
24 patients (7.6%) received a ketogenic diet. Other
medical agents, including oral steroids, liposteroids,
thyrotropin-releasing hormone (TRH), and gamma-
globulin, were administered to 24 patients (7.6%).

3.2. Diagnostic evaluations on admission

Interictal EEGs were obtained for all children, and
ictal video-EEGs were recorded in 243 children
(76.7%). MRI was conducted in 310 children (98.1%),
of whom 80 (25.7%) underwent high magnetic field
(=3 Tesla) MRI, 229 (73.6%) underwent intermediate
magnetic field (1.0-1.5 Tesla) MRI, and two (0.6%)
underwent low magnetic field (0.5 Tesla) MRI. Interic-
tal and ictal single photon emission computed tomogra-
phy was performed in 124 children (39.1%) and 50
children (15.8%), respectively. Fluorodeoxyglucose posi-
tron emission tomography and magnetoencephalogra-
phy were conducted in 34 (10.7%) and 33 children
(10.4%), respectively, in specific institutions. Genetic
analysis for the SCN1A gene was undertaken in 13
children (4.1%).

3.3. Patient demographics

3.3.1. Age

The mean age at seizure onset was 10.2 months (SD,
12.8) in the medical group, 12.4 (SD, 17.9) in the resec-
tive group, and 8.2 (SD, 6.9) in the palliative group
(Table 1). There were no statistically significant differ-
ences in the age at seizure onset among treatment groups.

3.3.2. Epilepsy syndrome

In the medical group, regarding epilepsy syndromes,
West syndrome was most common (accounting for
37.2%) followed by Lennox—Gastaut syndrome (8.8%),
Dravet syndrome (5.6%) and other syndromic epilepsies
(6.8%). On the other hand, non-syndromic epilepsies
such as neocortical and unclassified epilepsies accounted
for 41.6%. In the palliative group, West syndrome was
most common (accounting for 50.0%), followed by Len-
nox—Gastaut syndrome (27.8%) and non-syndromic
epilepsies (19.5%). In the resective group, non-
syndromic epilepsies were the most common (51.7%),
followed by Lennox-Gastaut syndrome (16.1%) and
West syndrome (9.7%).

3.3.3. Seizure types, EEG findings, etiology, and MRI
Sfindings

Regarding seizure types, epileptic spasms were the
most common type of seizure in the medical group

(accounting for 39.2%), followed by generalized tonic
seizures (18.4%). In the palliative group, the percentage
of both seizure types was comparable (36.1%), whereas
generalized tonic seizures were the most common in
the resective group (25.8%), followed by epileptic
spasms (19.4%).

Regarding the major EEG findings on admission,
hypsarrhythmia was the most common in the medical
group (28.8%), followed by bilateral multifocal epileptic
activities (23.6%). In the palliative group, generalized
slow spike-wave burst was the most common EEG find-
ing (58.3%), followed by bilateral multifocal epileptic
activities (16.7%) and bilateral generalized synchronous
epileptic activities (16.7%). In the resective group, gener-
alized slow spike-wave burst (25.8%) and bilateral multi-
focal epileptic activities (25.8%) were the most common.

Although the etiology was unknown in most cases
(44.4%), genetic or chromosomal abnormalities were
predominant in the medical group (13.6%). In contrast,
the most common etiology in the palliative and resective
groups was cortical dysplasia (22.2% and 45.2%,
respectively).

Bilateral abnormalities were the most common MRI
findings in the medical and palliative groups (46.4% and
41.7%, respectively). In contrast, focal or unilateral
abnormalities were the most common findings in the
resective group (80.6%).

3.4. Treatment

3.4.1. Medical group

Among the 250 patients in the medical group, a mean
of 2.9 AEDs (SD, 1.5) was administered during admis-
sion. In addition, ACTH (mean total dose, 0.4 mg/kg)
was used in 11.9% of cases, and a ketogenic diet was
administered to 10.3% of cases. Other medical agents,
including oral steroids, liposteroids, TRH, and gamma-
globulin, were administered to 11.1% of all patients.

3.4.2. Resective group

Among the 31 patients in the resective group, 10
hemispherectomies, five multilobar resections, 10 lobec-
tomies, and eight focal resections were undertaken.

3.4.3. Palliative group

Among the 36 patients in the palliative group, 30 cal-
losotomies (28 total and two anterior two-thirds), and
six VNSs were performed.

3.5. Additional epilepsy surgery

During the follow-up period after discharge, addi-
tional epilepsy surgery was undertaken in 24 patients,
including 16 patients in the medical group, five patients
in the resective group, and three patients in the palliative
group. In the medical group, 10 patients required




Table 1

Patient demographics in each treatment group.
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Treatment group

Medical group

Resective group

Palliative group

Total

Sex
Male
Female

Age of seizure onset (month)
n

Mean (SD)

Median

Min, max

Age of initial AED treatment (month)
n

Mean (SD)

Median

Min, max

Age of admission (month)
n

Mean (SD)

Median

Min, max

Epilepsy syndrome on admission
West syndrome
Lennox—Gastaut syndrome
Ohtahara syndrome

Dravet syndrome

Doose syndrome

Rasmussen syndrome
Sturge-Weber syndrome

Other epilepsy syndromes
Nonsyndromic epilepsies

Major etiology
Hemimegalencephaly
Cortical dysplasias
Genetic/chromosomal abnormalities
Tumors

Vascular lesions
Infection

Head trauma

Hypoxic encephalopathy
Others

Unknown

Seizure type on admission (overlapped)
Epileptic spasms

Head nodding

Generalized tonic

Generalized clonic

Generalized tonic clonic

Generalized absence (atypical/typical)
Generalized myoclonic (positive/negative)
Generalized atonic

Partial simple motor

Partial complex motor

Hypomotor seizure

Gelastic seizures

EEG findings on admission (overlapped)
Suppression-burst (EIEE)
Hypsarrhythmia

Slow spike-wave burst

250

138
112

250

10.2 (12.8)
5

0, 68

250

12.2 (14.4)
7

0,75

250
283 (2L.1)
23

0, 83

93
22

111

108
27
67
10
108

74
39

31

19
12

31
12.4 (17.9)
2

0, 63

31

14.4 (18.0)
4

0, 63

31

36.6 (24.5)
38

2,71

< <
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36

27
9

36
8.2 (6.9)
6

0, 32

36
11.0 (8.7)
8

2, 39

36

39.2 (18.2)
37

7, 69

18
10

15
12

9
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3
21
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