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electrodes. MEG data were recorded for >1h per
patient, collecting data in 4-min blocks at HU, NCNP
and TU. At HSC, MEG was recorded in 15 two-minute
blocks for a total of 30 min [10]. Patients were lying in the
supine position. Sedative agents were used for uncooper-
ative patients. The relative position of the head and the
. MEG sensors were determined by attaching three small
head-position indicator coils to the head. The positions
of the coils were digitized and subsequently recorded
by the MEG sensors for co-registration with 1.5T
(tesla)/3 T magnetic resonance image (MRI) with high-
resolution sequences.

2.4. MEG source analysis

MEG data were digitally filtered using a band filter of
3-30 Hz at HU, NCNP and TU, or at 3-70 Hz at HSC
for offline analysis. Segments containing abnormal par-
oxysms were selected manually. Individual spikes were
analyzed to localize the spike source per spike using
an equivalent current dipole (ECD) model or dynamic
statistical parametric mapping (dSPM) [11,12].

3. Results
3.1. Seizure profiles (Table 1)

Seizure onsets ranged from 1.3 to 8.8 years with a
median age of 2.9 years. The seizures started as focal
motor seizures in 15 patients (83%) and absences/atypi-
cal absences in three patients (17%).

All patients except one patient had multiple types of
seizures in their seizure histories. Drop attacks, in which
the precise seizure type remains unknown, were most
common (16 patients, 89%). One patient (Patient 17)
presented with a history of only drop attack seizures.
Focal motor seizures (16 patients, 8§9%), ENM (14
patients, 78%), absences/atypical absences (11 patients,
61%), myoclonic seizures (10 patients, 56%) and second-
arily generalized tonic-clonic seizures (nine patients,
50%) were seen in more than half of the patients (Sup-
plementary videos 1 and 2). Focal sensory seizures (six
patients, 33%) and epileptic spasms (two patients,
11%) were also reported.

3.2. Past and family history

There was no past history of epilepsy before the sei-
zure onset in any of the 18 patients, while three patients
(17%) had a positive family history of febrile seizures.
3.3. Cognitive functions

Cognitive function was evaluated in 15 patients. All

15 patients had the evaluations while they presented
with ENM. A developmental quotient results ranged

Table 1
Seizure profiles.

Seizure onset 1.3-8.8 years (median,

2.9 years)
Initial seizures Focal motor seizures 15
(83%)
Absences/atypical absences 3
(17%)
Type of seizures in patient Drop attacks 16
history (89%)
Focal motor seizures 16
(89%)
Epileptic negative myoclonus 14
(78%)
Absences/atypical absences 11
(61%)
Myoclonic seizures 10
(56%)
Secondarily generalized tonic- 9
clonic seizures (50%)
Focal sensory seizures 6
(33%)
Epileptic spasms 2

(11%)

from 54 to 85 in five patients. The full-scale intelligence
quotient test (Wechsler Intelligence Scale for Children)
results ranged from 53 to 103 in 10 patients.

3.4. MRI
No patient showed an abnormality on MRI.
3.5. EEG (Fig. 1)

EEG showed interictal centro-temporal spikes in all
18 patients. Continuous generalized and/or centro-tem-
poral spike and waves during sleep were also noticed in
all patients. When video EEG captured ENM, general-
ized high-amplitude spike or polyspikes, and waves were
associated with a brief attenuation of EMG activities
corresponding to muscle atonia in 12 patients (Supple-
mentary video 1). Absences/atypical absences showed
generalized and irregular spike and slow waves around
3 Hz on EEG in 16 patients (Supplementary video 2).

3.6. MEG (Fig. 2 and Table 2)

MEG localized MEGSSs over both Rolandic and syl-
vian fissures in eight patients, the peri-sylvian region
alone in five patients, and the peri-Rolandic region alone
in four patients. One patient had MEGSSs in the left
parieto-occipital region, even though EEG showed left
centro-temporal spikes (Patient 6). Most spike sources
were oriented perpendicularly to either the Rolandic or
sylvian fissure. The spike sources demonstrated identical
orientations in 11 patients (61%). MEGSSs were located
in bilateral hemispheres in 10 patients (56%) and in a
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Fig. 1. MEG and EEG in case 18. (A) A-P bipolar EEG shows continuous spike and waves during steep at the time of MEG study (low freguency
filter, 3 Fz; high frequency filter, 70 Hz). {B) The same BEG of A is expanded 1o demonstrate left centro-temporal spikes preceding o the right
central spikes after the red cwrsor. {C) 131 MEG channels are lubeled by two colors { red for right §1emx<pherc and blue for left hemisphere), and show
the view of overlay {left}, right channels (middley, and left channels {right). MEG shows more conplex polyspikes than EEG on the overlay keft
channels. Note the MEG spikes (red cursor) leading to EEG spikes (behind the red cursor) on B. (D) MEG topography (left} and EEG ropography
{right}. Note that magnetic and electric topographies are perpendicular to each other, {E) Axial MRI shows MEG spike source at the time of red
cursor i the ket Rolandic region {circle, position: tail, orientation, and moment). {F] Sagittal MR1 shows the same MEG spike source of (E) at the
feft Rolandic region, The ea.pmalmt current dipole {spike source) Is oriented hmmmally projecting negativity towards the frontal region and
positivity towards the parietal region, corresponding to the EEG topography (D, rwhi) {For interpretation of color in Fig, [, the reader is referred to

the web version of this article)

unilateral hemisphere in eight patients {44%). In all 10
patients with bilateral MEGSS, the MEGSS showed
wdentical patterns and locations in the both hemispheres.
ECD could not be estimated in one patient due to diffuse

right hemispheric discharges without leading spikes.
Therefore, we applied dSPM and localized the MEGSSs
in the right sylvian fissure (Patient 7). Seven patients
underwent multiple MEG studies. Six patients with
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Fig. 2. MRI with MEG spike sources in 18 cases. Red circles
demonstrate the source of MEG spikes. Tails indicate orientations and
moments of the MEG spike sources. Case 7 shows dynamic statistical
parametric mapping. The color bar indicates the P value, ranging from
gray, 1 x 107! to yellow, 1 x 107%3. (For interpretation of color in
Fig. 1, the reader is referred to the web version of this article)

bilateral MEGSS became unilateral MEGSS. One
patient showed consistent unilateral MEGSS. Six
patients showed no MEGSS at the last MEG study
when they were seizure free.

3.7. Treatments

All 18 patients were administered multiple antiepilep-
tic medications ranging from 2 to 12 medications (mean
5.8) during their courses. Ethosuximide (ESM) suc-
ceeded in controlling various seizure types of ABPE,
especially ENM and absences/atypical absences in 14
patients (78%); of these, all achieved seizure freedom
after ESM was started, and 11 (89%) of the 14 were still
on ESM at the last follow-up. Two of three patients in
whom ESM was discontinued were no longer on any
antiepileptic medication. CBZ was initially started in
16 patients (89%), but 14 (88%) experienced worsening
of seizures after CBZ was initiated, and the treatment
was discontinued. Two patients were seizure free on a
combination of CBZ and ESM (Patient 6) or CBZ,
ZNS and CLB (Patient 8). Valproic acid (VPA) was
tried in 16 (89%) patients, and six of these (38%) were
still on VPA at the last follow-up. Other medications
tried included zonisamide (10 patients, 56%), clobazam
(10 patients, 56%), clonazepam (eight patients, 44%)
acetazolamide (five patients, 28%), phenytoin (five
patients, 28%) and diazepam (four patients, 22%). The
medications still being used at the last follow-up con-
sisted of zonisamide in 3/10 patients (30%), clobazam
in 4/10 patients (40%), clonazepam in 3/8 patients
(38%), acetazolamide in 2/5 patients (40%) and diaze-
pam in 2/4 patients (50%).

Two patients underwent epilepsy surgery. Patient 8
underwent cortical excision over the left supra-marginal
gyrus at the age of 12 years. Surgical pathology revealed
microdysgenesis with increased ganglion cells. She
achieved 75-90% seizure reduction after the surgery,
and was seizure free on three medications at 17.5 years
old. Anterior two-thirds corpus callosotomy was per-
formed at the age of 6 years for drop attacks in Patient
9. The patient was seizure free on two medications at
10 years old.

3.8. Seizure outcome

The age at last follow-up of the 18 patients ranged from
5.4 to 17.5 years (median 11.8 years). All were seizure
free, two patients (11%) without any medication. Five
patients (28%) were only on one medication, including
four patients with ESM. The remaining 11 patients had
multiple medications; six were on two medications, four
were on three medications, and one patient was on four
medications. Among seven patients with multiple MEG
studies, medication changes, cognitive results effected less
prominent for MEGSS than seizure improvements.
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4. Discussion

MEG localized a Rolandic-sylvian epileptic focus of
ABPE.

In ABPE, interictal MEG revealed localized clusters
of spike sources around the Rolandic-sylvian fissures
corresponding to both centro-temporal spikes and
CSWS on EEG. The identically clustered Rolandic-
sylvian MEGSSs of interictal epileptic discharges in
patients with ABPE suggested that the epileptic focus
was located around the Rolandic-sylvian regions involv-
ing the motor cortex in most cases. In our series, the
peri-sylvian region MEGSSs were also recorded in 13
of 18 ABPE patients. In contrast, MEGSSs in BECTS
were specifically localized along the Rolandic region
with definite identical orientations vertical to the central
sulcus [8,9]. In the older children with BECTS, MEGSSs
shifted to the lower part of the Rolandic region close to
the operculum.

Kubota et al. [10] reported an ictal MEG study local-
1zing the spike source of ENM with generalized EEG
spikes at the sylvian fissure in one ABPE patient [7].
ENM was characterized by spike or polyspikes on
EEG time-locked to attenuation of EMG activity, which
corresponded to muscle atonia [6]. Series of ENM often
caused atonic seizures. Both interictal and ictal MEGS-
Ss indicate that a subset of the epileptogenic zones
responsible for focal seizures and ENM in ABPE
patients is localized around the Rolandic-sylvian
regions. In contrast, MEGSSs in three patients with
Lennox—Gastaut syndrome with ENM were localized
over inconsistent and various brain regions that did
not include the Rolandic-sylvian regions [13].

Table 2

MEG spike source localization.

Patients Regions Hemispheres
Rolandic  Sylvian Other lobe Bilateral Unilateral

Fifteen of eighteen patients in this series presented
with focal motor seizures at the onset, and these per-
sisted in addition to multiple other seizure types devel-
oping in 16 patients. ABPE might also be confused
diagnostically with BECTS as ABPE appears superfi-
cially similar on scalp EEG and also presents with focal
motor seizures. In ABPE patients, MEGSS extended to
peri-sylvian region in addition to Rolandic region or
localized even peri-sylvian region alone.

4.1. MEG localized spike dipoles in CSWS of ABPE

Sleep EEG often shows almost-continuous general-
ized or centro-temporal spike and waves during sleep
in ABPE patients, resembling CSWS. Another differen-
tial diagnosis of ABPE is epileptic encephalopathy with
CSWS (ECSWS), and there are no reports of source
localizations using MEG in patients with ECSWS. The
role of MEG remains to be explored in this entity. Kel-
emen et al. [17] reported three patients with CSWS sec-
ondary to destructive lesions in the thalamus [14], and
CSWS development was often observed in patients with
a thalamic lesion, indicative of thalamo-cortical dys-
function with an epileptic network [15,16]. ESM can
be efficacious for seizures in ABPE patients, especially
for ENM [6]. In 13 (72%) of the 18 ABPE patients stud-
ied herein, ESM completely suppressed their ENM. In
other studies, systemic administration of ESM signifi-
cantly reduced spike and wave discharges in genetic
absence epilepsy models [17-19]. Continuous and gener-
alized slow spike and waves during sleep in patients with
ECSWS have been associated with secondary bilateral
synchrony with leading foci [20,21]. The CSWS in ABPE
could also be due to secondary bilateral synchrony, but
originating specifically from the Rolandic-sylvian
regions. The effect of ESM on the clinical seizures and
CSWS indicates that the epileptic substitute of thalamic
and Rolandic-sylvian networks produce ABPE.

Patry et al. [22] reported six patients with ECSWS,
and heterogeneous seizure types of ECSWS that com-
prise focal motor seizures, absences, and epileptic falls
while awake [21] resemble those of ABPE. Conse-
quently, it can be difficult to distinguish ABPE from
ECSWS clinically not analyzing the localization of epi-
leptic foci. Further investigation of MEG in ECSWS
may therefore serve to differentiate epileptic sources in
these patients and improve our understanding of the epi-
leptic networks and mechanisms leading to the observed
cognitive disabilities.

5. Conclusions

MEG localized spike dipoles of centro-temporal
spikes and CSWS over the Rolandic-sylvian regions in
ABPE, indicating that ABPE is the localization-related
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epilepsy with Rolandic-sylvian onset seizures. In
addition, the effects of ESM on ENM and atypical
absences suggest the involvement of thalamo-cortical
circuitry in the epileptic network. ABPE is a unique
age-related epilepsy involving the Rolandic-sylvian plus
thalamo-cortical networks in the developing brain of
children.
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Summary

Purpose: This study sougbt to demonstrate the origin and propagation of paroxysmat fast activity
{PFA) in patients with epileptic spasms (ESs), using time-frequency analyses of magnetoen-
cephalogram (MEG) PFA recordings.

Methods: A 204-channel helmet-shaped MEG, with a 600 Hz sampling rate, was used to examine
PFA in 3 children with ESs. We analyzed MEG recordings of PFA by short-time Fourier transform
and the aberrant area or hish-power spectrum was sﬁperimgacsed onto reconstructed three-
dimensional magnetic resonance images as moving images. One ictal discharge was collected.
One child and one adult with PFA due to Lennox—Gastaut syndrome were also examined for
comparison, '

Results: Al four PFAs in Patient 1 and five PRAs in Patient 3 were generated from one hemisphere.
In Patient Z, four of seven PFAs were generated from one hemisphere and the remaining three
were generated from both hemispheres. In Patient 3, one ictal MEG showed ictat discharges that
were generated from the same area as the PFA, although the electroencephalogram showed
no discharge. in Fatients with Lennox-Gastaut syndrome, all 10 PFAs were generated from
bilateral hemispheres simultaneousiy,
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Japan., Tel.: +81 11 706 5954; fax: +81 11 706 7898,
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Conclusion: Short-time Fourfer transform analyses of MEG PFA can show the origin and form of
propagation of PFA, These resuits suggest that £5¢ are representative of focal sefzures and the
mechanism of PFA is different between ESs and Lesnox—Gastaut syndrome,

© 2012 Elsevier BV, All rights reserved.

introduction

Epileptic spasms {ESs) are seizures, with axial movements
longer than myodonus and shorter than tonic seizures,
which occur either in clusters or periodically. Epileptic
spasms have been identified in patients with diverse epilep-
sies {Ohtsuka et al., 2001; Gobbi et al., 1987} In the
International League against Epilepsy {ILAE) Classification
{1989}, ESs are classified as focal, generalized, or unclear
{Berg et al., 2010} and the mechanisms of £5s are unkriown
{Engel, 2006},

Fast activity is one of the characteristic patterns of
an ictal electroencephalogram {(EEG) in ESs (Watanabe
et al., 2001}, Paroxysmal fast activity (PFA} has been
described by Brenner and Atkinson {1982}, and is charac-
terized by paroxysms of 1-9 5 in duration, of high frequency
{10-25 Hz) rhythmic activity, preceded or 'foiﬁﬂwed by gen-
eralized sharp and slow wave complexes. The paroxysms are
widespread in distribution and bilaterally synchronous over
both hemispheres, but may not always be generalized. Shif-
ting asymmetries are common, but rarely the pattern may
show persistent amplitude asymmetry and may be unilat-
eral or even focal. PFA is seen most often in patients with
Lennox—Gastaut syndrome {LGS), but is sometimes seen in
patients with iocalized-related epilepsy, such as frontal lobe
epilepsy of temporal lobe epilepsy (Markand, 2003).

Markand {2003) considered PFA to be a subclinical dis-
charge. A magnetoencephalogram (MEG), which provides
higher spatial and temporal resolution, may provide a
method for analyzing PFA, which compensates for the defi-
ciencies associated with EEG, The aim of this study is to
describe the localization of MEG discharges corresponding to
EEG PFA using short-time Fourier transform {STFT}, a method
of time-frequency analysis, in order to assess the mechanism
of ESs.

Patients and methods
Patients

Three patients at Hokkaido University Hospital were
enrolled in this study. The three patients had refractory ESs
with muitiple PFA on EEG. Two patients who had been diag-
nosed with LGS with multiple PFA were also enrolled in this
study to compare the morphology and mechanism of each
PFA. The clinical profiles of the five patients are summa-
rized in Table 1. Tonic seizures, atypical absences and slow
spike-waves, with cognitive deterioration were diagnestic
of LGS {Arzimanoglou et al., 2009}. All patients underwent
magnetic resonance imaging {MRi}, scalp ictal EEG, scalp
interictal EEG and " Tc L-ethyl cysteinate dimer single pho-
ton emission computerized tomography (Y™ Tc-ECD-SPECT).

The parents of all patients gave written informed consent
for the study.

Patient 1

Patient 1 was a 6-vear-old boy who had daily sejzures,
At 5 months of age, he began to have spasms with bilat-
eral upper limbs contraction and head nodding. His EEG
showed hypsarrhythmia and he was diagnosed with West
syndrome, His MR was normat, After adrenocorticotrophic
hormone {ACTH) therapy, his seizures were resolved with
valproate {VPA) and clobazam. Al the age of 26 months, he
began to have weekly seizures with sudden tonic posture
of the extremities, complex partial seizures and spasms.
His seizures were symmetric from clinical findings. His EEG
showed bilateral central—parietal spikes. His seizures were
refractory regardless of various antiepileptic drugs (AEDs):
VPA, zonisamide {ZNS}, phenytoin (PHT}, carbamazepine
{CBZ} and phencbarbital (PB). At the age of 36 months,
interictal £EG showed Cz~Pz spikes and bilateral frontal
spike and wave complexes. At the age of 50 months, inter-
ictal EEG showed PFA and bilateral Cz—Pz spikes, Ictal EEG
showed fast rhythmic activity at the right central and left
posterior temporal—occipital regions, followed by general-
ized spike and slow wave complexes, He had severe mental
retardation. At the age of & years, he was referred to our
hospital. He was diagnosed with symptomatic generalized
epilepsy. Magnetic resonance imaging showed mild brain
atrophy, white $¥Tc-ECD-SPECT showed hypoperfusion bitat-
erally in the frontatl lobes.

Patient 2

Patient 2 was a 10-year-old boy who had daily seizures. At
the age of 5 months, he began to have spasms with bilat-
eral upper timbs contraction and head nodding. His EEG
showed hypsarrhythmia and he was diagnosed with West
syndrome, After ACTH therapy, his seizures were initially
resolved, but relapsed after 10 months. His spasms were
symmetric from clinical findings. A the age of 3 years, asym-
metric tonic seizures appeared which were refractory to
various AEDs {VPA, PHT, ZNS, and CZP). He had severe men-
tat retardation. At the age of 10 years, he was referred to
our hospital. At this time, MRI showed mild brain atrophy.
interictal EEG showed PFA and bilateral diffuse polyspike and
diffuse spike and wave complexes. Ictal EEG showed right
central--parietal polyspikes and subsequent desynchroniza-
tion. Bilateral hypoperfusion of the frontal fobes was shown
by ¥™Tc-ECD-SPECT. He was diagnosed with frontal lobe
epilepsy according to the neurcimaging and electro-clinical
findings.

Patient 3 ’
Patient 3 was a 19-year-old woman with daily seizures. At
the age of 2 months, she began to have spasms with bilateral
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upper limbs contraction and head nodding and her EEG
showed hypsarrhythmia, She was diagnosed as having West
syndrome. After ACTH therapy, her seizures werg initially
resolved however they relapsed after a while, At the age
of Z years, she had tonic posturing of the upper limb and
myoclonic seizures and her seizures were refractory to vari-
ous AEDs {VPA, UBZ, CZF, PB, acetazolamide and nitrazepam)
as well as ketogenic diets, At the age of 17 years, her
seizures became ESs and tonic seizures, These seizures were
symmetric from clinical findings, but her head deviated to
teft occasionally, Her interictal EEG showed PFA and bilateral
frontal dominant diffuse spikes. Ictal EEG showed diffuse
desynchronization in her ESs. At 19 years of age, " Tc-
ECD-SPECT showed hypoperfusion in the right frontal and
temporal lobes dominantly. She was diagnosed with symp-
tomatic locatization-related epilepsy

Patient 4

Patient 4 was a 14-year-old boy with daily seizures. At 7
months of age, he had episodes of upper eye deviation with
cyanosis and apnea. Phenobarbital and CBZ were adminis-
tered because his EEG showed focal spikes and his seizures
were resolved, At the age of 11 years, he had tonic seizures,
drop attacks and atypical absences. Interictal EEG showed
slow diffuse spike and waves and PFA, and he was diagnosed
as having LGS. Magnetic resonance imaging showed gliosis
bitateratly in the occipital and parietal lobes, and ¥ Tc-ECD-
SPECT showed hypoperfusion in the area where the gliosis
existed.

Patient 5

Patient 5 was a 27-year-old woman who had daily seizures.
When she was 11 years old, she began to have weekly
atypical absence seizures. Her seizures were refractory to
various AEDs (VPA, CBZ, PHT, ZNS and clobazam). At the
age of 15 years, she began to have tonic seizures with
falling. She had mental retardation and was blind because
of congenital cataracts. She was diagnosed with LGS. At
the age of 27 years, MRl showed mild brain atrophy. Her
EEG showed diffuse slow spike and wave complexes and
PFA. Ictal EEG corresponding to her tonic seizures showed
a diffuse fast rhythm and subsequent diffuse slow spike and
wave complexes, while " 1¢c-ECD-SPECT showed bilateral
hypoperfusion of the temporal—occipital {obes.

Methods

Magnetoencephalogram recordings

Magnetoencephalograms were recorded by 204-channel
helmet-shaped superconducting quantum  interference
devices {SQUIDs} {Neuromag Vectorview; Elekta-Neuromag,
Co. Ltd., Stockholm, Sweden) with pairs of orthogonal
planar gradiometers at 102 locations. The recordings were
carried out in a magnetically shielded room. The patient
lay in a supine position. The MEG data were collected
for almost 40 min for each patient with a 600 Hz sampling
rate, Scalp EEG was recorded simultaneously using the
international 10-20 system with video monitoring. EMG at
deltoid and ECG are recorded simultaneously. All patients
took intravenous thiopental sodium for sedation to avoid

motion artifact. Administration of thiopental sodium is
routine and accepted procedure for sedation of child or
handicapped patients in Hokkaido University Hospital,

Magnetoencephalogram data analysis

The MEG data were fittered for offine analysis with a band
pass of 3100 Hz. PFA is defined as assumption of rhythmic
activity with four times heightened amplitude from back-
ground activity for more than 200ms. The segments of MEG
data that contained PFA were manually selected with one
second in the vicinity of PFA to obtain whote PFA, The sin-
gie dipole method {SPM) was used to try to analyze single
spikes, to determiine the distribution of the genesis of the
spikes, PFA of MEG was analyzed by STFT to determine a
specific frequerncy band and s localization.

Single dipole method

Dipole-fit software {Neuromag, Helsinki, Finland} was used
to calculate the equivalent current dipoles (ECDs). We
accepted significant ECDs with more than 70% of goodness of
fit and between 100 and 800 nAm of dipole moment. Good-
ness of fit is a measure of how well the ECD model explains
the measured signals. Acceptable ECDs were superimposed
on the MRis.

Short-time Fourier transform analysis

The STFT method was used to demonstrate the distribu-
tion of MEG rhythmic activities (Oppenheim & Schafer, 1999;
Sueda et al., 2010} The MATLAB program {MathWorks, Nat-
jck, MA} was used to execute the STFT for the MEG signals.
Each signal was divided into small sequential frames and fast
Fourier transform applied to each frame.

in the present study, the STFY was implemented using a
256-point window. The time of each window was 426.7ms
{i.e., 256 points x 1000ms/600 Hz). The window was shifted
every four points which corresponded to 6.7ms {i.e.,
1000 ms/600Hz « 4 points). Fast Fourier transform was
appiied to each window, This process was repeated for all
the signals that were selected. The time—frequency distri-
hution can be displayed as a graph as shown in Fig, 1C.

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 superimposed onto a recon-
structed three-dimensional (3D)-MRL. The power spectrum
of these aberrant frequency spectrums was located at the
intersection of the line beneath the ptaner gradiometer coil
and brain surface.

If there was a broadening of the frequency spectrum,
the high-power spectrum, which could be seen as the red
color on the graph, was selected. The high-power frequency
spectrum was superimposed onto a reconstructed 3D-MRL,
The location of the PFA origin was decided from the recon-
structed 3D-MRI.

The time onset of the PFA in each hemisphere was
decided when the oscillation emerged in the reconstructed

3D-MRI which could be seen in yvellovw or red area. The time
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(A} {Patient 1} Bottom panel demonstrates diffuse paroxysmal fast activity (PFA) of the electroencephalogram (EEG} and

top panel shows the Correspondmg 204-channel magnetoencephalogram {MEG). (B} Short-time Fourier transform (STFT) graph of
MEG PFA corresponding to the blue bar of {A). {Cy Power spectrogram of MEG electrode 2412/2413 {black square in STFT graph
B} using STFT to show the wide range of oscillations from 10 to 25Hz. (D) Equivalent current dipoles are scattered bilaterally in
the parietal region, (£) Specific oscillations at 10--25 Hz are generated in the right front—parietal area and propagated to the left
front-parietal area in the superimposed three-dimensional magnetic resonance moving image of (B).

difference between PFA generation in each hemisphere was
calatated using that time onset,

Magnetic resonance imaging

Magnetic resonance images were acquired with a 1.57
high-resolution MRI scanner {Magnetom VISION, Siemens
AG, Erlangen, Germany) for diagnostic purposes and co-
registration with MEG data. Axial T1-weighted imaging {W1),
T2--Wl, fluid-attenuated inversion recovery (FLAIR}, and
coronal FLAIR sequences were performed,

Single photon emission computerized tomography

Interictal " Te-ECD-SPECT was performed for all patients.
We used a ring-type SPECT scanner {Headtome- -SETQ70; Shi-
madzu Corp., Kyoto, Japan).

Results

Table 2 summarizes the number of PFAs, pattern of PFA and
origin of PFA for each patient with €3s, All four PFAs in
Patient 1 and five PFAs in Patient 3 were generated from
one hemisphere. For Patient 2, four out of seven PFAs were
generated from one hemisphere and the remaining three
Were generated from both hemispheres sxmuttaneaﬁsiy

For patients with LGS (Patients 4 and 5}, 10 PFAs were
recorded, and all were generated from both hemispheres
synchrongusty.

Patient 1

Four PFAs were captured during the recordings in Patient
1. Single dipole analysis was used for the spikes, but ECDs
were not clustered. The results showed that his epileptiform
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discharges were not suitable for single dzpoie analysis
(Fig, 10} His MEG showed PFA corresponding to the EEG PFA
in the bilateral frontal—parietal areas (Fig. 1A, top ‘panel).
Analysis using STFT showed a'significant power spectrum in
the range from 10 to 30Hz (Fig. 1B and C) The 3D-MRI
movie showed that all PFAs were ,generated in'the right
frontal—parietal lobe and propagated to the left frontal
lobe discontinuously (Fig. 1E). The time differences of the
PFA between the right and left hemisphere were 47—161ms
{mean, 129ms).

Patient 2

Seven PrAs were captured during the recordings in Patient 2.

Equivalent current dipoles were scattered throughout both
hemispheres in the frontal-parietal lobes. The boy’s MEG
showed PFA corresponding to the EEG PFA bilaterally in the
frontal area. Short-time Fourier transform analysis showed
a significant power spectrum in the range from 10 to 30Hz.
The 3D-MRI movie showed that four of the seven PFAs were
generated in the right frontal—parietal lobe and propagated
to the left frontal lobe discontinuously. The time differ-
ences of the PFA between the right and {eft hemisphere
were 73—~149 ms {mean, 126 ms). However three PFAs were
generated simultaneously from bilateral frontal icbes.

Patient 3

Five PFAs were captured during the recordings in Patient 3.
Although ECDs were located in bilatéral hemispheres, most
ECDs were scattered in the right parietal area (Fig. 2E). The
MEG showed PFA corresponding to the EEG PFA in the right
central—pariefal—temporal area {Fig. 2A, top panel). Analy-
sis of PFA by STFT showed a significant power spectrum in the
range from 10 to 25Hz. The 3D-MRI moving image showed
that PFA was generated in the right angular gyrus and prop-

agated contiguously to the postcentral gyrus and superior
parietal iobule {Fig. 2B).

fctat EEG anct MEG of ESs were obtained simultancousty
{Fig. ZC} Shcsrt~t%me ?eurzez‘ trausfsrm analysis before
the onset of a clinicat seizure showed a specific aberrant
10—18 Hz oscillation band, although the EEG showed no spe-
cific findings {Fzg* 2€, shown in the blue line STFT 1). The
3D-MRI moving image showed that the specific oscillation
band was generated in the right inferior parietal lobule
(Fig. 2D}. Analysis by STFT during the onset of a clinical
seizure showed no: specific aberrant oscillation {Fig. 2C,
shown in the blue line STFT Z}. The high-power area of the
PFA was overlapped with the high-power area of the ictal
paroxysmal discharge in the MEG.

Patient 4

Five PFAs were captured during the recordings in Patient 4,
The ECDs were not clustered. The 204-channel MEG showed
diffuse PFA in bilateral areas corresponding to the EEG PFA
{Fig. 3A, top panel}. The STFT analysis of the PFA showed
that there was a wide range of PFA frequencies from 10 to
30 Hz (Fig. 38). The power spectrogram of STFT showed con-
stant high-power frequency at 10Hz {shown in red on the
power spectrogram in Fig. 3C}. The 3D-MRI movie showed
that all PFAs were generated simultaneously from bilateral
hemispheres {Fig. 3D}.

Patient 5

Five PFAs were captured during the recordings in Patient 5.
The ECDs were not clustered. The 204-channel MEG showed
diffuse PFA in bilateral areas corresponding to the EEG PFA
{Fig. 3E, top panel). Short-time Fourier transform analysis
of PFA showed that there was a wide range of PFA frequen-
cfes from 10 to 30Hz, though the high:power frequency
was 13-15Hz (Fig. 3G). The 3D-MRI movie showed that all

PFAs were generated Stmultanecusiy from both hemispheres

{Fig. 3H).




Figure 2 {A) (Patient 3} Bottom panet demonstrates interictat diffuse paroxysmal fast activity (PFA} of the electroencephalogram
{EEG) with desynchronization before and after PFA, and top panel shows the corresponding 204-channel magnetoencephalo-
gram {204ch-MEG). (B} Specific oscillations at 10-25Hz are generated in the right parietal~temporal area in the superimposed
three-dimensional magnetic resonance (3D-MRI} moving image. (€} Bottom panel demonstrates ictat EEG. Top panet shows the cor-
responding 204ch-MEG, Short-time Fourier transform graph shows specific oscillations in the right parietal-temporal area at the
timing of the red bar. (D) Specific oscillations at 10-18Hz are generated in the right parietat—temporal area in the 3D-MRI moving
irage. (Ey Equivalent current dipoles are scattered in the right parietal region.

Discussion

In this study, we found that most of the PFAin patients with
£5s was generated from a focal area of ohe hemisphere using
STFT analysis of MEG data. o

Recently several studies using different neurpimaging
techniques, such as positron emission tomography {Chugani
et al., 1994), SPECT (Munakata et al., 2004), and near-
infrared spectrophotometry (Haginoya et al., 2002), have
shown that focal areas play a role in the pathogenesis of
£9s. Akiyama et al. {2005} reported that high freguency

oscillations, recorded on digital video subdural EEG, were

generated from the fronto-temporal region before and dur-
ing clinical spasm and that focal cortical resection of the
prominent area of high frequency oscillation eliminated the
spasms. They suggested that ESs have the characteristics of
partial seizures with secondary generalization. Panzicaetal.
{1999} reported that an asymmetric EEG pattern, mainly
consisting of a rhythmic burst of fast activity, precedes both
symmetric and asymmetric spasms. They suggested that a
tocalized cortical origin of the ictal discharge gives rise
to the spasms. ln an electrocorticographic (ECoG) study,
fast-wave burst activity was correlated with the clinical
onset of spasms {Asano et al., 2005}, RamachandranNair

et al. (2008) reported that the sensory—motor cortex was
part of the ictal-onset zone with ictal high-frequency oscil-
lations in patients with ESs, and Asano and colleagues
{2005} reported that £Ss with fast-wave burst involvement
of the sensory—motor cortex appeared to correlate with the
severity of contralateral limb movements. Our MEG resuils
support previous reports that a focal area plays a role in the
pathogenesis of £Ss. ' ‘ '

All the patients were Ijected thiopental sodium intra-
venously. Thiopental constructs fast activity in the beta
range {(12-30Hz). However, these fast activities are bilat-
erally symmetric and expanded in a frontal-central area,
similar to those ererging during drowsiness {Feshchenko
et al., 1997, 2004). The fast activity in Patients 1--3 were
generated unilaterally, Those in Patients 4 and 5 were gener-
ated bilaterally symmetric, though not in a frontat—central
area but in diffuse area. Therefore, the fast activity in our
study was not attributed to thiopental.

ictal and interictal PFA

we consider that analysis of interictal fast activity is
eguivalent to analysis of ictal fast rhythm, since all
patients with ESs showed PFA which was followed by
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Figure 3 (Patients 4 and 5) Left panel: Patient 4 (A} bottom panel demonstrates diffuse paroxysmal fast activity {PFA} of the
electroencephalogram {EEG} and top panel shows the ccrrespondmg 204-channel magnetoencephalogram {204ch-MEG), (B} Short-
time Fourier transform {STFT) graph of MEG PFA corresponding to-the black bar of {A} {C) Power spectrogram of MEG electrode
122371222 (black square in STFT graph B) corresponding to the black bar of {A} using STFT to show the wide range of osciltations
from 10 to 30Hz. High-power narrow band oscillations {shown in red} are found at 10Hz. (D} Superimposed three-dimensionat
magnetic resonance {3D-MRI) maving image of patient 4 shows oscillations are generated in the bilateral parietal—temporal area
and propagated to the whole area. Right panel: Patient 5 (E) Bottom panel demonstrates diffuse PFA of the £EG and top panel
shows the corresponding 204ch-MEG. {F) STFT graph of MEG PFA corresponding to the black bar of (E) (G} Power spectrogram of
MEG electrode 2412/2413 (black square in STFT graph F) correspoﬁdmg to the black bar of {E} using STFT to show the wide range of
oscillations from 10 to 30 Hz. High-pawer narrow band oscillations {shown in red} are found at 1015 Hz, {H) Superimposed 3D-MRI
moving image of patient § shows oscillations are generated in the bilateral parietal—temporal area and propagated to the whole
area.

desynchronization with PFA, This interictal EEG pattern is We successfully recorded an ictal EEG and MEG in Patient
similar to the ictal EEG pattern of ESs patients {Fusco and 3 and STFT analysis of the ictal MEG showed a focal epilep-
Vigevano, 1993; Kellaway et al., 1979). Desynchronization togenic focus at part of the source of the interictal PFA.

always appears after the clinical spasms and is considered Eliashiv et al. {2002} reported that the ictal MEG-defined
to be a postictal rather than anictal event (Watanabe et al,, ictal-onset zone was smatler than the irritative zone defined
2001). by interictal MEG and equivalent or superior to invasive
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£EG recordings. In our case, the area of ictal MEG specific
oscitlation was not smaller but overlapped with the area of
interictal PFA generation. This result is a good confirmation
that analysis of interictal PFA is equivalent to that of ictal
fast activity. The specific osciliation of the ictal MEG recor-
ding preceded the onset of the clinical seizure, which was
confirmed in video monitoring, by several seconds in Patient
3. Asimilar pattern has been reported in an ictal ECoG study
of ESs with focal spike or fast-wave bursts preceding the
spasms in a subset of patients with ESs (Asano et al., 2005).
They hypothesized that this focal activity may trigger the
£8s, leading them to speculate that the cortex may be a
trigger of the ESs, and the spasms associated with fast wave
bursts may be derived from a cortico-subcorticocortical
pathway rather than a cortico-cortical pathway. Our ictal
MEG result supports their speculation and the pericd of no
specific oscillation suggests that oscillations were propagat-
ing through a subcortical pathway. Moreover, Asano et al.
{2001} reported that surgical resection of the focal area can
eliminate the spasms. Electrocorticography is effective for
the assessment of epileptic activity and 1o elucidate the
ictal-onset zone. However, ECoG is invasive and, it is alsc
difficult to decide on the placement of electrodes espe-
cially in non-lesional cases. We have recently reported that
MEG fast activity correlates well with ECoG findings, and
is therefore useful for presurgical evaluation {Sueda et al.,
2010). Our method may be usefut for deciding on car;didates
for epilepsy surgery by predicting the epileptic zone and
placement of invasive electrodes.

Advantage over ECD model

The £CD model is based on the assumption that the brain
activity generating the signals comprises only a small nurm-
ber of focal sources; therefore the ECD model is not suitable
for analyzing cases whose activity seems to be generated
from a wide area. Although we attempted to investigate
the correlation between ECDs and PFA findings, ECDs were
not clustered in Patients 1 and 2, and in Patient 3, ECDs
were clustered at the vight central-parietal region and the
area of £00 and high-power area of MEG PFA were almost
concordant. RamachandranNair et al. (2008) reported that
all older pediatric patients with E£Ss had unilateral clusters
of MEG spike sources like Patient 3, and a cluster of MEG
spike sources represented the epileptogenic zone. However
ECD analyses are insufficient to decide the epileptogenic
zone in cases tke Patients 1 and 2, since the ECD analy-
sis is not suitable for propagated discharges, We consider
that STFT analyses of MEG PFA are useful for detecting the
epileptogenic zones of patients with ESs,

Comparison between the PFA of LGS and the
PFA of ESs

PFA is seen most in patients with LGS hence we analyzed
the PFA of LGS to compare with ESs, The STFT analyses and
3ID-MRI movie of PFA in LGS showed that PFAs were gen-
erated from diffuse whole areas and simultaneously from
bilateral hemispheres (Fig, 3). These results suggest that
the mechanism of PFA is different between ESs and LGS,

For Patients 1 and 3, PFAs were generated from a focal
area on one side of the hemisphere. We could predict the
region for localization of epilepsy from the MEG findings
and provide a diagnosis of symptomatic localization-related
epitepsy, although Patient 1 had been diagnosed with symp-
tomatic generalized epiiepsy.

For Patient 2, three of the seven PFAs were generated
bilaterally from the frontal areas s‘imu{{aneausiy and four
PrAs were generated from the right frontal—parietal area
and propagated to the left frontal hemisphere. His seizure
manifestation quite resembled LGS and his EEG was also
described as having a diffuse fast rhythm and slow spike
and wave comptexes. But our current findings using MEG to
examine PFA suggest that his right frontal area is affected
dominantly and has an epileptogenic lesion. MEG PFA could
be helpful for the precise evatuation of cases tike Patient 2.

We considered that the findings in Patient Z demonstrated
the mechanism of secondary bilateral synchrony {SBS). Our
STFT method would be useful to differentiate primary bilat-
eral synchrony {PBS) from SBS. Distinguishing PBS from 5BS is
generatly difficult using clinical findings or visual assessment
of EEG or MEG data. The minimum transcaliosal fransferring
time is reported as approximately 20ms (Ono et al., 2002).
Therefore, when the interval of the cortico-cortical propa-
gation is longer than 20ms, it could indicate transcatiosal
propagation, i.e., $8S. For Patients 1 and 2, the time differ-
ence between each hemisphere oscillation in PFA could be
estimated as more than 20 ms, meaning 5BS. On the contrary,
for Patients 4 and 5, no time differences were present, so
they had PBS. Although a few studies have shown that MEG
can be used to analyze SBS with spike and wave complexes
{Smith, 2004; Tanaka et al., 2005) these studies used SDM
for thelr evaluation, As we have mentioned previously, the
ECD model is difficult to use for PFA. The SDM analysis can
be used for focat discharges, since equivalent dipoles can
be calcutated by solving the inverse problem with the def-
inition of a single generator. Since STFT can be applied to
any activity without the above calculations, our method can
be useful for evaluating PBS and SBS.

Limitations

Short-time Fourter transform analysis is limited to patients
who have aberrant frequency oscitlation {ike PFA detached
from background activity, and cannot reveal the depth of
the source, because the planar gradiometers evaluate the
magnetic field just beneath the sensor, However, unlike ECD
and other spatial fittering methods, STFT can analyze the
wide area oscillation and temporal changes without solving
the inverse problem for source locatization. This point is
valuable for STFT analyses.

Conclusion

n conclusion, STFT analyses can show the origin and form
of propagation of PFA on MEG, Analyses of MEG PFA using
STFT suggest that ESs are one of the representative epiteptic
seizures of locatization-related epilepsy. Analysis of PFA by
STFT might be one of the most useful tools to define the
classification of epilepsies and epileptic syndromes.
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Abstract

Objective: We aimed to determine the incidence and prevalence of LKS in Japanese children. Methods: A questionnaire was sent
to all 3004 Japanese hospitals that have 2 department of pediatrics. The questionnaire asked for the number of firstovisit LKS
patients and LKS patients who were followed up at or visited their clinic during the past one year Vital statistics of the same vear
{2008} published by Ministry of Health, Labor-and Welfare, Japan were referenced to caleulate the estimated incidence and prev-
alence of LKS among Japanese children. Results: Chiefs of 1362 pediatric departments answered our inquiry (31.9% of returns). Six
chiefs had one new LKS patient, uged 614 years. Thirty two patients with LKS were followed in the same period. The number of
children with LKS fess than 20 vears of age who needed medical care was at least 23 and at most 31.. Vital statistics of Japan 2009
revealed that the population of children aged 5-14 years was 11,861,464 and that aged 5-19 years was 18,007,968, Discussion: The
number of the first-visit LKS patients was 6 in a year, We estimated the incidence of LKS$ in the 5- to 14-years-old Japanese pop-
ulation as about 1in 978,000, The rumber of LKS patients aged 519 was estimated to range from 44.2 to 539.6 among & population
of 18,007,968, This means the prevalence of LKS under medical care is roughly one in 302,147-407,420 children aged 5-19. This
study i the first epidentiological estimation of the incidence and prevalence of children with LKS in Japan or, for that matter,
in any other area, Conelusion: 11} Incidence of children with LKS aged 5-14 vears was about ¥ in & million in Japan. {2) Prevalence
of children with LKS aged 5-19 and under medical care was one in about 300,000-410,000 in Japan. (3} This study constituies the
first epidemiological estimation of LKS in Japan.

@ 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Intreduction

Landau-Kleflner syndrome (LKS) was first reported
as acquired aphasia with convulsive disorder in children
i 1957 {11 LKS is a rare neurological disease which
cmerges in patients around 6 years of age. The main
symptom of LKS i3 auditory agnosia with apparent
hearing impairment, regression of speech, and diffuse
spike and wave complexes especially in sleep EEG.

* Corpesponding  author. Address: Tokye Metropolitan Tobu
Rvoiky Center, 3-3-23 Shinsuna, Koto-ku, Tokyo 136-0075, Japan.
Bl address: kugaibneap.gojp (M, Kaga).

Those signs and symptoms usually continue for several
years [1.2], and a limited number of patients have some
auditory verbal sequelae after they reach adulthood [2}

Historically, more than four hundred English studies
on LKS have been published as review articles or case
reports, although one original paper deseribed the char-
acteristic symptoms of 5 children [1]. However, there has
been no systematic epidemiological study in the
literature.

The objective of the present research was to elucidate
the incidence and prevalence of LKS in Japanese chil-
dren by sending a questionnaire by mail to the hospitals
where certified pediatrician(s and or) child neurelogist{s)
are employed.

G387-7604/5 - see front mutter © 2013 The Japanese Society of Child Newrology. Published by Elsevier BV, All rights reserved.
httpiffdx.doborg/ 16,1016/ braindev.2013.04.012
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2. Methods

A questionnaire package was sent to all Japanese
Thospitals {3004 hospitals as of March 2009}, which have
a department of pediatrics. These hospitals are officially
registered by Japancse law and are listed for the public
at an Internet site managed by the Welfare and Medical
Service Agency (httpy//www.awam.go.jp). The question-
naire asked for the number of first-visit LKS patients
the hospital had diagnosed during the past one year
(from August 1, 2008 to July 31, 2009). When the hospi-
tal had records of the relevant patient visits, we also
asked for these patients’ age and sex. We also asked
for the number of patients who were followed up at their
clinic during the same pericd. In the package, a docu-
ment explaining our purpose and the definition of
LKS (see Table 1) was enclosed to ensure the exact num-
ber of patients was obtained.

We analyzed the answers sent back to us during the
next 3-month period in 2009, The vital statistics of the
same year (2008) published by the Ministry of Health,
Labor and Welfare, Japan [3] were referenced in caleu-
lating the incidence and prevalence of LKS among all
children in Japan.

3. Results

The chicfs of 1562 pediatric departments answered
our inquiry (51.9% of returns). Six patients {53 boys
and 1 girl) newly diagnosed with LKS aged 6-14 years
were reported to have visited the out-patient clinics.

Among 1362 pediatric departments, 26 chief pediatri-
cians replied that they followed-up and saw 32 patients
with LKS in the same period. Twenty-two (69%) of
these were male. The eldest was 41 years old, and the
ages of § patients were not described. The ages of the
rest of the patienits (n = 23} were distributed from 6 to
19 years of age. Thus, the number of children with
LKS less than 20 years of age who needed medical care
i one year was at least 23 (16 males and 7 females) and
no more than 31,

Table §
Tixplanation and definition of LKS. LKS is 1 rare nevrological disease
which beging around age 6 {mainly 2103,

Sigas and symptoms-of LKS

{1) Apparent héaring impairment due 1o abnormal auditory
pereeption (auditory agnosia or word deafness)

{2} Regression of speech, sometimes to sensory aphasia, then to
otad aphasia

{31 Above symptoms are sometimes associated with behavioral
or character change

{4) Dilfuse spike and wave compleses especially i sleep BEG

{5) Above signs and symploms usually vontimue or show
repeated exacerbation/remission i several years with coms
plete vecovery

{63 A limited number of patients have some anditory verbal
sequelae after they reach adulthood

M. Kugér et al. | Bramn & Development xxx £2013) xxx-xxx

The vital statistics of Japan 2009 revealed that the
population of children aged 5-14 vears was 11,861,464
(5-9 years was 5864879 and 10-14 veurs was
5,996,585) {31 The number of children aged 5-19 years
was 18,007,968 (15-19 vears was 6,146,504) {31

4. Discussion

LKS is mainly a childhood disease, with onset in
carly childhood. Generally, patients” behavior such as
their daily conversation grows more and more abnor-
mal, and parents believe that their children have some
extraordinary disease for which doctors should be con-
sulted. If these doctors are family physicians, they are
sure to recommend Further evaluation at the local hospi-
tal, which has more facilities for a full work-up.

Thus, we assumed that every LKS patient visited a
department of pediatrics at some point in their disease
course.

Among the respondents to our questionnaire, the
nwmber of the first-visit LKS patients in Japan was 6
in one year, Their age range was 5-14 years, It is reason-
able to speculate that if the 1442 (3004 minus 1562) non-
answerers experienced LKS, the number would not
exceed the ratio of 6 among 1562 departments. There-
fore, 11.5 (6 plus 3.5} should be the maximum data of
our survey of children from 5 to 14 years of age. Thus,
the incidence of LKS in 3- to Id-years-olds was about
1 in 978,000 in Japan.

As above mentioned, the namber of children
(<20 years) with LXS who needed medical care in the
vear of study was at least 23 (16 males and 7 females)
and no more than 31, Therefore, the number of LKS
patients aged 3-19 can be assumed to have ranged from
44.2 (23 plus 21.2}) to 59.6 (31 plus 28.6) among the total
population of 18,007 968 children age 5-19. This means
the prevalence of LKS patients under medical care wus
one in 302,147-407.420 children of this age group.

There have been no epidemiological reports of LKS in
previous studies. The reason may stem from two aspects
of LKS: epilepsy and childhood language disorder. From
the epileptic point of view, thelr seizure types and charac-
teristics are not specific to LKS. From the point of view of
language disorders, clinieal signs and symptoms are not
well known even to pediatricians. Thus, our estimated
incidence may be low. In this study, we were able to show

the clinical features of LKS and obtain data from pedia-

tricians who worked at hospitals and treated this disease.

This study s the first epidemiological estimation of
the incidence and prevalence of children with LKS in
Japan, or in any other area.

5. Conclusions

{1) Theincidence of children with LK Saged 5-14 years
was about | in a million (978,000} in Japan,
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{2} The prevalence of children with LKS aged 5-19
and under medical care was one in 302,147~
407,420 in Japan.

{3y This constitutes the first epidemiological estima-
tion of LKS in Japan.
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Brain Malformations and Genetic Factors

Mitsuhiro Kato, M.D.?
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Historically, brain malformations have been classified based on a postmortem examination. The advancement
and spread of neuroimaging techniques, particularly magnetic resonance imaging, has made it easier to identify
many types of brain malformations, but it has also made classify them more complicated. Moreover, the unveiling
of the genes responsible for brain malformations has dramatically changed the classification scheme itself and
now most doctors have trouble following it. Although the relationship between genotype and phenotype is com-
plicated, it can be divided into two types, locus heterogeneity and pleiotropy. One of the representative diseases
demonstrating locus heterogeneity is holoprosencephaly, which shows an identical disorder of forebrain cleavage
caused by 14 genes, such as SHH and ZIC2, involved in a ventrodorsal patterning of the early prosencephalon.
The ARX gene shows a typical pleiotropic effect and its mutation causes a wide range of developmental distur-
bances ranging from severe brain malformations, such as hydranencephaly and lissencephaly, to nonmalformative
forms of epileptic encephalopathies, such as Ohtahara syndrome and West syndrome, dyskinetic cerebral palsy,
and nonsyndromic mental retardation with a strong genotype—phenotype correlation. Accurate diagnosis based on
the most recent knowledge is critical for precise prediction as well as genetic counseling.

(Received November 1, 2012 ; accepted November 12, 2012)

Key words ' brain malformations, gene analysis, locus heterogeneity, pleiotropy, interneuronopathies
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Table 1 Classification profile for malformations of cortical development (modified from ref. 1)

| . Malformations secondary to abnormal neuronal and glial proliferation or apoptosis

Severe congenital microcephaly
Megalencephaly

owp

Cortical dysgenesis with abnormal cell proliferation but without neoplasia

{(hemimegalencephaly, focal cortical dysplasias [FCD] typeIl, and tuberous sclerosis)
D. Cortical dysgenesis with abnormal cell proliferation and neoplasia

(DNET, ganglioglioma)

Il. Malformations due to abnormal neuronal migration

A. Malformations with neuroependymal abnormalities
(periventricular heterotopia)
B. Malformations due to generalized abnormal transmantle migration
(lissencephaly and subcortical band heterotopia)
C. Malformations presumably due to localized abnormal late radial or tangential transmantle migration
D.

Malformations due to abnormal terminal migration and defects in pial limiting membrane

(Walker-Warburg syndrome, muscle-eye-brain disease, Fukuyama congenital muscular dystrophy, and
congenital muscular dystrophy with cerebellar hypoplasia)

lll. Malformations due to abnormal postmigrational development

(schizencephaly)

w o>

Malformations with polymicrogyria (PMG) or cortical malformations resembling PMG

Cortical dysgenesis secondary to inborn errors of metabolism

(mitochondrial and pyruvate metabolic disorders, peroxisomal disorders)

vl @}

Postmigrational developmental microcephaly

Focal cortical dysplasias (without dysmorphic neurons, FCD types I, Ill)

BESK B3l EHo»IC e, BHER, WEMR
RiCA, FiC MRIFTR EOREBFICE I ESES
NT»3 (Table 1)V, FEREETEE & O TIREEY]IE
WEg FTh b, HEZT L ICOENER I NEMERE
LT3, FHELRZEIIBECBLTIHHREEL T&
DFHLBEHERICHETHD, BREFOTELMDILE
»VH 5,

BIRE E RIFRIDIHRIRR

BIETFETEROESR Iy, BEREEEREET
BEHEE SN, BERBEET ERERES OME A
Shicieo>TEL, HRHBBSHREEECR>TATY
MHEOBEMNERIREL, —REETH SN (Fig.1), &
GFLBEBETFREOBRLE L TBEIh 2 REMOBMR
i, EERTEEME (locus heterogeneity) & ZHEHFHE (pleio-
tropy) D 2 DXy E N5, EMEEEL I3, Rkt
DEEFEMBER ZEROBRIETFIC L > TH—DORHA
RPZTOONIHERKTH Y, EMBEEIROIBAIEIR
BRI L 3 ERBETFOHESHEIC R 2, SEAERE
&, —DODBREFICL > T REBRLZEROREN %
ELTIETHY, ALEBEFOERTHERICESHS

ARX Hydranencephaly

LIS1 Agenesis of the corpus

DCX callosum
Lissencephaly

RELN
Subcortical band
VLDLR heterotopia
TUBAIA Cerebellar hypoplasia

FILNA
> Periventricular nodular
ARFGEF2 : heterotopia
Fig.1 Causative genes responsible for
neuronal migration disorders
The left side shows the gene symbols linked with
the associated disorders on the right side. Note that

both ARX and TUBAIA show pleiotropy and that
lissencephaly shows locus heterogeneity.

£U 3.

BEMNREEE A TRENHERREY & L (2aKE
EBETF SN D (Fig.2). E&HINIEAEIZ, AFDOKME
HREER T 2HIROENFESEEINTHBEENZD
I o AR, EAODESEEINRETH LY, 13
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