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The N188S mutation in Gaucher disease is associated
with myoclonus epilepsy. We performed genetic analy-
sis on a patient with progressive myoclonus epilepsy,
who had received antiepileptic drugs for over 10 years.
We detected N188S/G199D on the gene encoding gluco-
cerebrosidase. Mutant proteins carrying each mutation
were expressed in COS-1 cells (a commonly used cell
line which derives from kidney cells of the African
green monkey). Measurements of enzymatic activity
and Western blotting analysis were performed. When
residual activities were measured, glucocerebrosidase
with the N188S mutation exhibited 50% activity of
the wild type, and with GI99D, 7.4 %. Neither mutation
influenced the stability of the enzyme protein. These
data suggested a diagnosis of Gaucher disease for this
patient, and indicated that GI99D is a novel muta-
tion. © 2010 by Elsevier Inc. All rights reserved.
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Introduction

Gaucher disease is the most prevalent lysosomal storage
disease, and is caused by more than 200 mutations that pro-
duce abnormal glucocerebrosidase. Gaucher disease ex-

hibits a wide range of phenotypes, most of which cannot
be explained by a correlation with a specific genotype.
Types 2 and 3 of Gaucher disease comprise the neurono-
pathic forms of the disease, and present various central ner-
vous system manifestations. One of these manifestations is
myoclonus epilepsy, and although it is rare, more Gaucher
patients presenting with myoclonus epilepsy are found.

The myoclonus epilepsy evident in Gaucher disease and
its relationship to the N/88S mutation were discussed pre-
viously. The first report of N/88S from Kim et al. suggested
that this mutation might be a protective gene for neurono-
pathic forms of Gaucher disease such as the N370S muta-
tion [1]. However, considering the results of other studies,
N188S carriers retain the possibility to develop myoclonic
seizures [2-4], although the exact correlation remains
unknown. '

We report on a 16-year-old girl with intractable epileptic
seizures, including myoclonus, who was finally diagnosed
as manifesting Gaucher disease. We detected NI88S/
G199D by sequencing and restriction fragment length poly-
morphism analysis. G/99D is a novel mutation, and this
study describes the genetic and functional analyses of these
mutations.

Case Report
Patient

A 16-year-old girl with epileptic seizures and a diagnosis of Gaucher
disease was referred to our institution for genetic analysis. She first pre-
sented with generalized seizures at age 1 year. An electroencephalogram
and computed tomography of the brain produced normal results, and she
was diagnosed as manifesting epilepsy. She did not exhibit other neuro-
logic signs until age 5 years, when she presented with absence epilepsy.
Developmental delay had become apparent by the time she entered primary
school. Valproic acid was not effective for treating the absence seizures,
and other anticonvulsants were used. Her seizures improved with valproic
acid, ethosuximide, and clonazepam for a few years. At age 11 years, she
began to manifest generalized tonic-clonic seizures that occurred more and
more frequently. Action tremors had also appeared, followed by motor
ataxia, myoclonus, and supranuclear gaze palsy, which together suggested
progressive myoclonus epilepsy. Vertical supranuclear gaze palsy was ini-
tially evident. Horizontal ocular movement also became restricted atage 18
years. Myoclonus was easily induced by mere contact, which made it very
difficult for her to walk, and the antiepileptic drugs no longer controlled her
seizures. Phenobarbital was added, but the seizures continued. However,
after the administration of piracetam, she could walk again. Upon her
admission to the hospital at age 16 years for further examination and to
establish a diagnosis, she could sit alone and was able to walk, using
a wide-based gait, with support. On admission, hepatosplenomegaly and
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anemia were not evident. However, her platelet counts were low, at 9.9 x
10*/uL. The level of angiotensin-converting enzyme was 20.0 U/L
(normal, 7.0-25.0 U/L), and her level of acid phosphatase was 10.6 U/L
(normal, 5.9-14.0 U/L). No abnormal signal was evident according to mag-
netic resonance imaging of the brain. An electroencephalogram revealed
mainly a-waves with diffuse polyspike bursts. The differential diagnosis
for progressive cerebellar ataxia and myoclonus includes lysosomal dis-
ease. Therefore, pathologic observations of the bone marrow were essen-
tial. Bone marrow aspiration using light microscopy revealed cells with
a “sandpaper” appearance that resembled Gaucher cells (Fig 1). Because
these observations suggested a lysosomal disease, we acquired informed
consent from the parents, and analyzed the activities of various enzymes
related to lysosome. Glucocerebrosidase activity was reduced ir fibro-
blasts, to about 26% of normal control levels. However, this residual activ-
ity was relatively high compared with that of a known patient with Gaucher
disease. Usually, patients with Gaucher disease demonstrate less than 10%
enzyme activity (Table 1). Gaucher disease was suspected, and a genetic
analysis was performed to confirm the diagnosis, after receiving informed
consent from the parents. Serum glucosylceramide and chitotriosidase
measurements were not performed because they were not commercially
available in Japan.

Genetic Analysis

We extracted DNA from white blood cells of the patient. Initially, eight
common mutations in Gaucher disease (N370S, L444P, F2131, 84GG,
IVS2+1, D409H, R463C, and RecNcil) were tested as described by Ida
et al. [5-7]. However, because none of these mutations were identified,
all exonic regions were amplified by polymerase chain reaction using
Takara PCR Thermal Cycler (Takara Bio Inc., Otsu, Shiga, Japan),
followed by single-strand conformation polymorphism analysis. Single-
strand conformation polymorphism analysis revealed a shifted band in
exon 6, and direct sequencing was performed using ABI Prism Model
3700 (Applied Biosystems, Foster City, CA). We identified N188S and
G199D mutations in the same exon. Restriction fragment length polymor-
phism analysis was performed, and the polymerase chain reaction fragment
was digested with TspRI or Mbol to confirm the genotype. We also
analyzed the parents’ glucocerebrosidase gene, and learned that the parents
carried both mutations heteroallelically.

Expression Analysis

To demonstrate that the two detected mutations caused reductions in
glucocerebrosidase activity, mutant proteins carrying each of the mutations
were produced. Each mutation was generated into glucocerebrosidase
complementary DNA by using a QuikChange II Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). The primers for exon 6 consisted of 5'-
ATACCCCTGATTCACCGAGC-3' (sense) and 5'-ACCCGGTCTAT
GAAACACTT-3 (antisense). After inserting the mutant complementary
DNAs into pCDN6 plasmid, plasmids were transfected into COS-1,
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).

After 48 hours, COS-1 cells were harvested, and glucocerebrosidase ac-
tivities in the cells were measured using 4-methylumbelliferyl-G-gluco-
pyranoside as a substrate, as described elsewhere [6]. The reactiont was halted
by adding 0.17 M glycine carbonate buffer (pH 10.4), and enzyme activity
was measured by a spectrofluorophotometer, using RF-5300PC (Shi-
madzu, Tokyo, Japan). Residual glucocerebrosidase activities are de-
scribed in Fig 2. Glucocerebrosidase activity was reduced in both
mutants, and especially in the protein with G/99D. The N188S mutant glu-
cocerebrosidase demonstrated about 50% activity of the normal control,
consistent with a previous report [8]. On the other hand, the G199D-bear-
ing allele produced an enzyme with no significant activity. These results
proved that G199D is a novel mutation that causes Gaucher disease, and
the diagnosis of our patient was confirmed.

To determine whether glucocerebrosidase carrying the NI88S or
G199D mutation influenced protein stability, Western blotting analysis
was performed. Proteins were subjected to sodium dodecyl sulfate poly-
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Figure 1. Light microscopy of a bone marrow aspiration (original mag-
nification x100). A cell with a “sandpaper” appearance was evident.

acrylamide gel electrophoresis (10% polyacrylamide), and electrophoreti-
cally transferred onto nitrocellulose membranes. The membrane was
blocked with 3% gelatin in Tris-buffered saline for 30 minutes, and
washed with Tris-buffered saline containing 0.05% Tween-20. The mem-
brane was then incubated with a polyclonal rabbit anti-glucocerebrosidase
antibody for 1 hour at room temperature, and washed with Tris-buffered
saline containing 0.05% Tween-20 (the antibody was produced by Toya
Ohashi, MD, PhD, Department of Gene Therapy, Institute of DNA Med-
icine, Jikei University School of Medicine, Tokyo, Japan). After incubation
with a goat anti-rabbit immunoglobulin G(H + L) alkaliphosphatase anti-
body (BioRad, Hercules, CA) for 1 hour, the membrane was washed
with Tris-buffered saline containing 0.05% Tween-20 and Tris-buffered
saline. The immunoreactive bands were detected using an AP Conjugate
Substrate Kit (BioRad). The amounts of expressed proteins did not differ
significantly (data not shown).

Discussion

In this study, we detected N/885/G199D in a glucocere-
brosidase gene from a patient with myoclonus epilepsy.
G 199D was an unknown missense mutation, and therefore,
to clarify its function and confirm that this mutation
profoundly influences enzymatic activity, we performed
Western blotting analysis and enzymatic analysis. Both
experiments proved that G/99D reduces glucocerebrosi-
dase activity (7% of the wild type in this study) and leads
to the onset of Gaucher disease. Moreover, the very low
activity suggests that G/99D is a null mutation. Although
more cases are needed for confirmation, GI199D is one of
the mutations to be considered when evaluating a patient
with Gaucher disease. On the other hand, N188S was pre-
viously demonstrated to exert a mild effect on glucocere-
brosidase activity. Moreover, when N188S was expressed
in COS-1 cells, enzymatic activity was only decreased to
50% of the wild type. Because of this relatively highly re-
stored activity, we wondered whether N/88S is really
responsible for Gaucher disease. However, as we have
mentioned, some patients with Gaucher disease and myoc-
lonus epilepsy possess this mutation. Furthermore, we
found cells resembling Gaucher cells in the bone marrow,
indicating glucocerebroside accumulation in these cells.



Table 1. Residual activities of lysosomal enzymes (nmol/hr/mg)

‘White Blood Cells

Patient Control (n =3)
glucocerebrosidase 7.4 49.1 £2.2
beta-galactosidase 210.1 234 £2.5
hexosaminidase 6085.0 7032.3 +£901.3

Abbreviation:
GD = Gaucher disease

Fibroblast
Patient Control (n =3) GD* Patient
470.0 1757 + 653 53
1135.0 1213 + 529 1120
33757.0 32760 + 17225 20360

In view of these observations, N/88S may be a gene re-
sponsible for Gaucher disease. However, to reach a final
conclusion, we should confirm glucocerebroside accumula-
tion in tissues biochemically, as well as morphologic
changes.

At least seven groups have reported on the N/88S muta-
tion in Gaucher disease, involving 16 patients in total.
Among these 16 patients, four were free of neurologic
signs. The N/88S mutation was first suggested as a possible
neuroprotective factor in Gaucher disease by Kim et al., in
the way that the N370S mutation works in Caucasians [1].
Kim et al. [1] studied three patients with Gaucher disease:
one NI88S homozygote, and two siblings with N188S/
L444P. At the time of that report, the three patients did
not exhibit neurologic signs, and were diagnosed as mani-
festing type 1 Gaucher disease. Another Chinese patient
with a diagnosis of type 1 Gaucher disease also manifested
N188S/L444P [9]. However, more recent studies described
NI88S carriers who developed neurologic signs, including
myoclonus [2,3,8-10]. For example, 4 of 16 patients with
myoclonus carried N/88S in a study by Park et al. [3]. Their
genotypes were NI188S/RecNcil (two patients), N188S/
84GG (one patient), and N/88S/recombinant allele (one pa-
tient). Another patient with myoclonus carrying N188S was
reported by Filcamo et al. [4]; that patient was heterozygous
with SI07L [4]. All five patients presented general seizures
as well as myoclonus, and four patients exhibited abnormal-
ities in their electroencephalograms. Other reports de-
scribed three patients whose seizures had not been
specified [6,7]. Although the numbers of patients are too
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Figure 2. Glucocerebrosidase activity of the mutant proteins (nmol/hr/
mg).
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low to prove that N/88S leads to myoclonus, the possibility
should not be ignored. One speculation, based on docu-
mented cases, contends that when N188S is paired with
a null mutation such as D409H or RecNcil, the phenotypes
become severe, and this finding is not dependent on ethnic-
ity. This correlation was also seen in our patient, who
deteriorated progressively. She carries NI88S/G199D,
and G7/99D is a null mutation which has almost no enzyme
activity. However, to support this speculation, it is neces-
sary to follow the clinical courses of heterozygotes with
NI88S and null mutations, or N/88S and mutations with
a mild effect.

Montfort et al. suggested that the N/88S mutation is
a modifier variant [8]. They found three Spanish patients
with a double mutant allele of N/88S and E326K. In their
in vitro study using a baculovirus expression system, the re-
sidual activity of N/88S+FE326K bearing glucocerebrosi-
dase was lower than that of the EF326K-bearing enzyme.
The same effect was evident regarding E326K toward
NI88S. 1t is well-known that residual enzyme activity
does not predict the severity of a phenotype in patients
with Gaucher disease. However, the function of each muta-
tion, and not residual activity, may affect the phenotypes of
Gaucher disease. Therefore, more careful genetic analysis is
important in detecting accurate genotypes of patients with
Gaucher disease.

Our patient had manifested repeated exacerbations and
remission of high fever without any clear signs of infection
since age 18 years. Supranuclear gaze palsy was more dis-
tinct in the vertical position than in the horizontal position
in this patient. The patient’s cognitive ability may have
been compromised. However, we think that the supranu-
clear gaze palsy had occurred horizontally and vertically.
It would have been more informative if a biopsy had
been available to detect any pathologic changes, as sug-
gested by Conradi et al. [11]. The patient’s central nervous
system involvement progressed slowly, and her general-
ized convulsions increased. Unfortunately, she was unable
to walk and became bedridden until her death at age 19
years.

In conclusion, we detected a novel mutation, G/99D,
with significantly low glucocerebrosidase activity. Al-
though a correlation between N/88S and myoclonus epi-
lepsy cannot be established yet, it is strongly conceivable,
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in light of our patient as well as previous reports. Moreover,
the N/88S mutation should be closely studied as a modifier
gene that could affect the phenotype of a patient.
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Abstract

We presented an 11-month-old-gir]l with
subcortical band heterotopia who had focal
epilepsy detected by subtraction single photon
emission computed tomography (SPECT) co-
registered to magnetic resonance (MR) imag-

ing (SISCOM) and ictal electroencephalo-

gram. She manifested cluster of partial sei-
zures composed of asymmetric tonic posturing
accompanied by head rotation to the right side.
Ictal electroencephalogram showed that par-
oxysmal discharges were generated from the
right parieto-occipital area and spread to sur-
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rounding areas. SISCOM revealed hyperper-
fusion in the overlying cortex of the right su-
perior temporal gyrus, which corresponded to
the onset area of ictal epileptiform discharges.
These neurofunctional findings corresponded
to her clinical seizures. Her seizures were
controlled by high-dose phenobarbital ther-
apy. We considered that the patient had focal
epilepsy and that the epileptic focus might be
in the overlying cortex, but not in the subcor-
tical band.

Introduction

Subcortical band heterotopia (SBH) is a
rare neuronal migration disorder, which shows
ectopic gray matter separated from the over-
lying cortex by white matter. Patients with
SBH have been reported to have intractable
epilepsies and mental retardations [1, 2].
These patients may present with either gener-
alized epilepsies or focal epilepsies [2]. The
epilepsies are usually evaluated by ictal and/or
interictal electroencephalogram (EEG), and
are rarely diagnosed by ictal single photon
emission computed tomography (SPECT) or
subtraction ictal SPECT coregistered to mag-
netic resonance (MR) imaging (SISCOM). To
our knowledge, there are no reports on SIS-
COM evaluation of SBH during infancy. Here
we report an 11-month-old girl with SBH who

was diagnosed with focal epilepsy by SIS-
COM and ictal EEG.

Case report

An 11-month-old girl was admitted to our

193

Epileptic focus in subcortical band heterotopia

hospital because of intractable seizures per-
sisting for 2 weeks. The perinatal and familial
histories of the patient were unremarkable.
Neurological examinations showed hypotonia
in her lower extremities. She was able to sit by
herself at 10 months, but could not crawl or
stand up by herself at that time. Her seizures
were characterized by asymmetric tonic pos-
turing for 30 seconds accompanied by head
rotation to the right side, which occurred 4 to 6
times per day.

EEG
spike-and-waves and 3-4 Hz high-voltage

Intenictal demonstrated irregular
slow waves (HVS) in the left centro-parieto-
occipital area. As background EEG activities,
low amplitude (20-30 pV) fast waves (30 Hz)
were found in the right hemisphere. Brain
MRI revealed a thin overlying cortex and an
excessive band of subcortical gray matter.
which was split by white matter from the
frontal to the occipital region (Fig. 1). Bilat-
eral occipital cortical surfaces were smooth
and agyri. These abnormal findings were
compatible with diffuse subcortical band het-
erotopia. Mutation in the DCX gene
(178A>G) was found in exon 2.

Her seizure frequencies increased from 4-6
times per day to 4-5 times per hour, despite
treatment with valproate. Ictal EEG demon-
strated 3-4 Hz high-voltage slow (HVS)
waves and sharp waves in the left centro-
parieto-temporal area, which subsided and
then 14-15 Hz fast activities with 90 pV am-
plitude appeared in the right mid-temporal
area (Fig. 2A). These fast discharges propa-
gated to surrounding areas and their amplitude
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increased (Fig. 2B). They were followed by 5-
6 Hz high voltage polymorphic discharge
burst for about 20 seconds (Fig. 2C), and then
1-2 Hz HVS waves in the right hemisphere for
40 seconds (Fig. 2D). Finally these 1-2 Hz
HVS discharges terminated and sharp waves
reappeared in left centro-temporal area, simi-
lar to the interictal EEG findings mentioned
above (Fig. 2E). The total duration of ictal
activities was 75 seconds. Clinical manifesta-
tion of her seizures was recognized 30 seconds
after the 14-15 Hz fast activities appeared.
Technetium-99m-ethyl cysteinate dimmer
(ECD) was used for ictal SPECT. The patient
was injected with 185 MBq 99m-Tc-ECD
immediately after clinical seizure began, and
the seizures lasted for 45 seconds after ECD
injection. After ictal SPECT examination, she
was given high-dose phenobarbital (PB) ther-

Epilepsy & Seizure Vol.3 No.1 2010

apy by rectal suppository at an initial dose of
30 mg/kg/day for the first two days, followed
by a dose of 20 mg/kg/day for 2 days, 10 mg/
kg/day for 2 days, then 10 mg/kg/day by oral
administration for the sequential consecutive
days. Her seizures disappeared after PB ther-
apy.

Interictal ECD-SPECT was performed after
the disappearance of seizures. To elucidate the
ictal hyperperfusion 1'egibxls, we used the
SISCOM analysis. The SISCOM images
demonstrated hyperperfusion in the overlying
cortex of the right superior temporal gyrus
(Fig. 3), which corresponded to ictal EEG
findings.

The patient had no seizures for more than 3
months after high-dose PB therapy, and was
able to crawl and stand up by herself at the last
follow-up.

Fig. 1. Axial T1-weighted magnetic resonance (MR) imaging
Axial T1-weighted images show diffuse subcortical heterotopic gray matter and mild pachygyria.

A. At the level of cerebral peduncle.

B. At the level of body of the lateral ventricle.
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Discussion

We performed SISCOM and ictal EEG on
an mfant with SBH. Ictal EEG indicated that

Epileptic focus in subcortical band heterotopia

mal discharges, and that this hyperperfusion
area seemed to be corresponded to the overly-
ing cortex of the right superior temporal gyrus.

To our knowledge, this is the first report of
SISCOM analysis in infant with SBH.
Some experimental studies in SBH rat

the ictal paroxysmal discharges originated
from the right temporal region. SISCOM
showed that the hyperperfusion area corre-

models reported the correlation between

sponded to the site of onset of ictal paroxys-
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Fig. 2. Ictal electroencephalogram at the age of 11 months

(A) 3-4 Hz high-voltage slow (HVS) waves and sharp waves are found in the left centro-parieto-temporal area.
The HVS disappeared and burst of 14-15 Hz fast waves is observed in the right mid-temporal area.

(B) At 10 seconds after onset, fast waves have generalized and the amplitude increases. )

(C) At 15 seconds after onset, 5-6 Hz high voltage polymorphic discharges burst for about 20 seconds.

(D) From 35 seconds after onset, 1-2 Hz HVS waves in the right hemisphere persist for 40 seconds.

(E) At 75 seconds after onset, HVS waves terminate and sharp waves remain in the left centro-temporal area.
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overlying cortex and subcortical band. Chen et
al. [3] concluded that normotopic neurons
were respoﬁsible for initiating seizures in the
dysplastic neocortex, because normotopic
neurons were more likely to exhibit epilepti-
form activity than heterotopic neurons, and
heterotopic neurons were recruited into spik-
ing by activity initiated in normotopic neu-
rons. These observations are consistent with
our findings.

Ictal SPECT has the potential to localize
the ictal onset zone accurately in a noninva-

Epilepsy & Seizure Vol 3 No.1 2010

sive manner, and is particularly useful in MRI-
negative localized epilepsy and focal cortical
dysplasias [4]. Furthermore, SISCOM is use-
ful to define the onset site of seizure |5, 6]. To
our knowledge, this is the first 1'.ep011 of SIS-
COM finding of SBH in infant. SISCOM im-
ages showed that the hyperperfusion area cor-
responded to the onset region of the ictal EEG

- discharges, and that this region was located in

the overlying cortex. These results show that
the overlying cortex may be the epileptic fo-

cus in our SBH patient.

-50

Fig 3. Subtraction ictal single-photon emission computed tomograpghy (SPECT)
coregistered to magnetic resonance (MR) imaging (SISCOM)
(A) In axial view, hyperperfusion is observed in the right frontotemporal area and right medial occipi-

totemporal area. (B) Coronal view. (C) Sagittal view. (D) Right lateral view. (B)-(D) show that hyper-
perfusion is located in the right superior temporal gyrus.
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Surgical treatment has been performed on
focal epilepsy patients with SBH. Bermasconi
et al. [7] reported that five of eight patients
had no significant improvernent by surgical
treatment and that temporal resection resulted
in especially poor outcome. They suggested
that SBH might have a multifocal generator
due to widespread structural abnormnality.
even though clinical and neurofunctional
studies proved the existence of focal epilepto-
genic lesions. Mai et al. [8] reported that one
patient with SBH had good outcome by re-
section of the posterior third of the middle and
inferior temporal gyri and part of the fusiform
gyrus. However. both groups could not ex-
plain the mechanism of seizure generation re-
lated to the normal overlying cortex and the
subcortical band. Qur findings suggest that
surgical treatment including corticectomy will
be a therapeutic option for patients with SBH.

We demonstrated symptomatic focal epi-
lepsy using SISCOM and ictal EEG in a pedi-
atric patient with SBH, and speculated that the
overlying cortex may be the epileptic focus.
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A case with Segawa disease—A often misdiagnosed disease and
its pathophysiology

Norimichi Higurashi®, Shin-ichiro Hamanov, Manabu Tanaka", Atsuko Oba?,
Naohiro Kuroda®, Satoshi Yoshinari®, Motoyuki Minamitani?

vDivision of'Neurology and? Division of Child Health and Human Development,
Saitama Children’s Medical Center

We report here a girl patient with Segawa disease. Her initial symptom was
equines foot in the right appeared at the age of 7. Subsequently, the symptom also
developed in the left, resulted in gait disturbance. She was initially suspected as
having spinal cord disease or psychological problems, and correct diagnosis had not
been made for a few years. When she was hospitalized at the age of 11, she
presented gait disturbance with bilateral leg stiffness and equinus posture. However,
spasticity, muscle atrophy and joint contracture were not observed in her legs. Her
symptoms were mild in the morning, but worsened later in the day. We suspected
Segawa disease because of her typical dystonic symptoms and decreased neopterin
concentration in her cerebrospinal fluid. L-dopa dramatically alleviated her
symptoms. Segawa disease is a dominantly-inherited disease characterized by
progressive dystonia with diurnal fluctuation and dramatic responsiveness to L-dopa.
Misdiagnosis is not uncommon because of its rarity and similarity of symptoms to
spastic plegia. Early diagnosis of this treatable disease is important for reducing
suffering of the patients.
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Magnetoencephalog- Purpose: To evaluate the effectiveness of surgery for epilepsy, we analyzed rhythmic fast activ-
raphy; ity by magnetoencephalography (MEG) before and after surgery using time—frequency analysis.
Fast activity; To assess reliability, the results obtained by pre-surgical MEG and intraoperative electrocor-
Fourier transform; ticography were compared.

Time—frequency Methods: Four children with symptomatic localization-related epilepsy caused by circumscribed
analysis; cortical lesion were examined in the present study using 204-channel helmet-shaped MEG
Symptomatic with a sampling rate of 600 Hz. One patient had dysembryoplastic neuroepithelial tumor (DNT)
localization-related and three patients had focal cortical dysplasia (FCD). Aberrant areas were superimposed, to
epilepsy; reconstruct 3D MRI images, and illustrated as moving images.

Surgical evaluation Results: In three patients, short-time Fourier transform (STFT) analyses of MEG showed rhyth-

mic activities just above the lesion with FCD and in the vicinity of DNT. In one patient with
FCD in the medial temporal lobe, rhythmic activity appeared in the ipsilateral frontal lobe and
temporal lateral aspect. These findings correlate well with the results obtained by intraopera-
tive electrocorticography. After the surgery, three patients were relieved of their seizures, and
the area of rhythmic MEG activity disappeared or become smaller. One patient had residual
rhythmic MEG activity, and she suffered from seizure relapse.

* Corresponding author. Tel.: +81 11 706 5954; fax: +81 11 706 7898.
E-mail address: ss11@med.hokudai.ac.jp (S. Saitoh).

0920-1211/$ — see front matter © 2009 Elsevier B.V. All rights reserved.
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Conclusion: Time—frequency analyses using STFT successfully depicted MEG rhythmic fast activ-
ity, and would- provide valuable information for pre- and post-surgical evaluations to define
surgical strategies for patients with epilepsy.

© 2009 Elsevier B.V. All rights reserved.

Introduction

Magnetoencephalography (MEG) is applied to localize the
source of epileptiform discharges in patients with refractory
epilepsy, particularly in symptomatic localization-related
epilepsy, as it is noninvasive and exhibits excellent temporal
and spatial resolution. MEG is a predictive tool for epilep-
tic surgery. MEG localization of epileptiform discharges has
been successfully achieved by single dipole modeling (SDM),
which is mainly used to analyze interictal epileptiform spikes
(Hamalainen et al., 1993; Ebersol, 1997). However, the
application of SDM appears to be limited to patients with
localized spikes, since the algorithm is based on the pre-
sumption that the current epileptic discharge originates
from a single spot.

Rhythmic electroencephalography (EEG) activities are
often the hallmarks of underlying epileptogenesis. Rhythmic
polyspike activities have been reported as indicative of an
irritative epileptogenic zone in the electroencephalography
(Gambardella et al., 1996). A scalp EEG showed interic-
tal focal paroxysmal beta activity in children with epilepsy
caused by brain tumor, arteriovenous malformation, and cys-
tic lesion (Hooshmand et al., 1980). In surveys of surgical
outcomes, the locations of ictal rhythmic beta activities on
scalp EEG and intracranial EEG have been correlated with
the onset of seizures in patients with neocortical epilep-
sies (Talairach et al., 1992; Lee et al., 2000; Park et al.,
2002; Worrell et al., 2002; Bonati et al., 2006). However,
the resolution of EEG is not powerful enough to properly
evaluate rhythmic activity because EEG activity is affected
by the conductivity of brain structures (Hamaéldinen et al.,
1993), and in some cases EEG is unable to detect notable
pathological activity (lwasaki et al., 2005).

Recently, time—frequency analyses of EEG and MEG have
been used to investigate rhythmic activities (Haykin et al.,
1996; Grosse et al., 2002; Bosnyakova et al., 2006). Short-
time Fourier transform (STFT) applies a short-time window
to the signal and performs a series of Fourier transforms
within this window as it slides across the recorded data
(Oppenheim and Schafer, 1999). This technique can be used
to estimate the time—frequency components of the signal
and visualize the spectral distributions. It has been proposed
to apply this technique to patients with epilepsy (Kiymik et
al., 2005), as it provides temporal changing information on
the time—frequency domain.

Our current study was conducted to evaluate the effec-
tiveness of surgery for epilepsy using pre- and post-operative
MEG to assess changes in epileptic rhythmic activity.

Patients and methods
Patients

Four children with refractory symptomatic localization-related
epilepsy induced by a circumscribed cortical lesion were enrolled

in the present study. They underwent surgery between September
2005 and April 2008. Their guardians gave written informed consent
for this study.

Methods

MEG

MEG data before and after surgery were recorded using a
204-channel helmet-shaped neuromagnetometer (Neuromag Vec-
torview; Elekta-Neuromag Oy, Stockholm, Sweden) with pairs of
orthogonal planar gradiometers at 102 locations. The recordings
were carried out in a magnetically shielded room, with the patient
in a supine position. The MEG data were collected for about 40 min
for each patient at a sampling rate of 600 Hz. During the MEG exam-
ination, Patients 1, 2 and 4 received intravenous sodium thiopental
for sedation, to avoid motion artifacts, while Patient 3 did not
require sedation. A scalp EEG was recorded simultaneously using
the international 10-20 system.

MEG data analysis. MEG data were filtered for offline analysis with
a band pass of 3—100 Hz.

The segments that contained abnormal paroxysms were selected
manually. Single spikes were analyzed by SDM, to determine the
distribution of brain activity generating the spike. Rhythmic fast
activity discharges were analyzed by STFT, to determine the local-
ization and value of each selected discharge.

SDM. The dipole-fit software (Neuromag, Helsinki, Finland) was
used to calculate the equivalent current dipoles (ECDs). We defined
acceptable ECDs as having goodness of fit (GOF) >70% and ECD
strength of between 100 and 800nAm. GOF is a measure of how
well the ECD model explains the measured signals. Acceptable ECDs
were superimposed on the MRIs.

STFT analysis. STFT was used to reveal the distributions of MEG
fast activity (Oppenheim and Schafer, 1999) and the MATLAB (Math-
Works, Natick, MA, USA) program was used to execute the STFT
for the MEG signals. Each signal was divided into small sequential
frames, and fast Fourier transformation (FFT) was applied to each
frame.

In the present study, the STFT was implemented using a 256-
point window. The time of each window was 426.7ms (i.e.,
256 points x 1000 ms/600Hz). The window was shifted every four
points, which corresponded to 6.7ms (i.e., 1000ms/600Hz x 4
points). FFT was applied to each window. This process was repeated
for the whole signals that were selected. The time—frequency dis-
tributions are displayed as graphs (Fig. 2C).

A spectrum was considered to be aberrant when it was observed
in the graph to be isolated from the background frequency
spectrum. An aberrant frequency spectrum on the graph was super-
imposed onto the reconstructed 3D MRI.

ECoG

The ECoG studies were performed during surgery. The ECoG data
were collected using the Ceegraph system (Bio-Logic, Mundelein,
IL, USA), with a sampling rate of 512 Hz. A4 x 5 grid electrode array
was used for Patients 1 and 4. A 4 x 8 grid electrode array was used
for Patient 3. A four-channel strip electrode was used for Patient
2. Recording was performed for at least 1min at each electrode
location.
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(A) Top panel: FLAIR MRI showing FCD on right parietal—occipital areas. Bottom panel: ECDs located at the FCD (red

dot). (B) EEG at 1 year of age, just before the operation, demonstrating fast activity discharges at electrode C3, C4 interictally.
(C) ECoG during operation before resection of lesion indicates 18—22-Hz polyspike bursts at electrodes 9, 10, 12—15, 17, 18, and
19 (yellow bar). These electrodes are located on top of the FCD. (D) FCD was exposed at the right supra-marginal gyrus during the
operation. (E) FCD was resected after the operation. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

MRI

MRI was acquired with a 1.5T high-resolution MRI scanner (Magne-
tom VISION; Siemens AG, Erlangen, Germany) for both diagnostic
purposes and co-registration with the MEG data. Axial T1-weighted
images (WI), T2WI, fluid-attenuated inversion recovery (FLAIR)
images, and gadolinium-enhanced T1WI| were obtained.

Single-photon emission computed tomography (SPECT)

99mTe L-ethyl cysteinate dimer (**™Tc-ECD)-SPECT was performed
interictally and ictally for Patient 2, and interictally for Patient 3.
We used a ring-type SPECT scanner (Headtome-SET070; Shimadzu
Corp., Kyoto, Japan). The #™Tc-ECD was injected intravenously at
a dose of 111 MBq into Patient 2 and at 600 MBq into Patient 3.

Positron emission tomography (PET)

18F-Fluorodeoxyglucose (FDG)-PET and ''C-flumazenil (FMZ)-PET
were performed for Patient 2 using the EXACT ECAT HR+ head scan-
ner (Siemens). The injected doses of '8F-FDG and ''C-FMZ were
185MBq and 370 MBq, respectively.

Results

Case reports

Patient 1
A 17-month-old boy had daily seizures. At 1 month of age,
he began to have daily seizures with loss of consciousness
and tonic extension of bilateral upper limbs. His seizure was
refractory to various anti-epileptic drugs. Initially, his MRI
finding was normal. At 16 months of age, a circumscribed
lesion appeared on MRI with low intensity in the T1WI, high
intensity in the T2WI, and FLAIR in right supra-marginal gyrus
(Fig. 1A). An interictal EEG revealed rare spikes at elec-
trodes C4 and P4 and low-voltage 10—12-Hz fast activity at
electrodes C3 and C4 (Fig. 1B).

The 204ch MEG corresponding to the EEG fast activity
showed rhythmic activities in the right central temporal
areas (Fig. 2A). The ECDs were scattered over the corti-
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cal lesion (Fig. 1A, bottom panel). STFT analysis indicated
a specific aberrant 15—18-Hz oscillation in the right central
temporal areas (Fig. 2C). The specific oscillation at 15—18 Hz
was generated at the focal cortical dysplasia (FCD) in the
moving image (Fig. 3A).

The patient underwent craniotomy at 18 months of
age. Intraoperative ECoG showed 18—19-Hz polyspike bursts
at electrodes 9, 10, 12—15, 17, 18, and 19. These elec-
trodes were located upon the resected cortical lesion
(Fig. 1C, yellow bar). The frequencies of the MEG rhyth-
mic activities (15—18Hz) and ECoG polyspike (18—22Hz)
were comparable, and the locations of the MEG and ECoG
oscillation almost overlapped. A total lesionectomy was
performed.

The pathology was focal cortical dysplasia with balloon
cells (Palmini type 2B). The patient has remained seizure-
free for 22 months and has developed steadily.

Patient 2

A 2-year-old girl had daily seizures. At age 10 months, she
experienced an afebrile, generalized, tonic-clinic seizure.
MRI showed a left frontal cortical construction anomaly. At
15 months of age, she began to have seizures with extension
of her right arm and leg, flexion of her left arm and leg,
and deviation of her head and eyes to the right. Although
anti-epileptic drugs controlled the seizures, she was able to
speak only a few words at 32 months of age.

T2WI and FLAIR MRI showed cortical thickening in the left
frontal lobe, blurring of the gray-white matter junction and
hyperintensity of the subcortical white matter. Interictal
99mTc-ECD-SPECT showed hypoperfusion in the left frontal
area and ictal ¥™Tc-ECD-SPECT revealed hyperperfusion in
the left frontal area. '®F-FDG-PET showed hypometabolism
in the left frontal area, and '"C-FMZ PET demonstrated
decreased binding at the left frontal area.

Interictal EEG demonstrated rhythmic, 13—14-Hz, low-
voltage fast activity and a low number of sharp waves
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Figure 2

{A) 204ch MEG corresponding to interictal fast activity on the EEG (gray bar in Fig. 1B) demonstrates polyspikes at

the right central temporal areas. (B) One representative gradiometer (red circle in (A)) showing rhythmic activity, (C} STFT graph
showing specific rhythmic activities with 15—18-Hz oscillation at the right central temporal areas (red squire). (D) Enlarged section
of red squire in (C). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

the article.)

at electrodes Fp1, Fp2, F3, and F7. Ictal EEG showed
desynchronization, followed by left frontal spikes and slow
waves.

The 204ch MEG corresponding to the EEG fast activ-
ity showed rhythmic activities at the left frontal—temporal
areas. The ECDs were not clustered due to the low num-
ber of isolated spikes with sufficient signal-to-noise ratio.

STFT analysis indicated that a specific, aberrant, 15—20-Hz -

oscillation was generated at the left superior temporal gyrus

and propagated to the middle and inferior frontal gyri in the
moving image (Fig. 3B, top panel).

The patient underwent the operation at 36 months. Intra-
operative ECoG showed 13—25-Hz spikes and polyspikes at
the orbito-frontal area.

The frequencies of the MEG oscillation (15—20Hz)
and ECoG polyspike (13—25Hz) were comparable. ECoG
polyspikes were located inside the area where the MEG oscil -
lation was depicted by moving images.
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