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Fig. 2 - Na,1.1 immunoreactivity in the white matter of the temporal lobe. A-H, Na,1.1 immunoreactivity in various shapes of
neurons. Both the somata and neurites are positive, while nuclei avoided. I, Na,1.1 immunoreactive delicate neurites are
dispersed, in different lengths and directions. Bar: A~F, 10 pm; G, H, 20 pm; 1, 50 pm.

so we only counted them in layer IV. The colocalization rate in
layer IV increased gradually and reached 98.6% (72/73) at 7M
{Fig. 3). Since then, the colocalization rate in the hippocampus
and temporal lobe sustained such level during childhood and
adulthood (Table 3).

2.2.2.  Distribution and developmental changes of Na,1.2 and
parvalbumin double-staining

Nay1.2 and parvalbumin double-stained neurons were also
first detected at 22GW, simultaneously in the CA area of the
hippocampus and the white matter of the temporal lobe. In the
CA area of the hippocampus, the colocalization rate was 81.5%
{154/189), relatively obvious in the CA3 sub-region; in the white
matter of the temporal lobe, the colocalization rate was 75.0%
{51/68} (Fig. 3). Before 27GW, in the double-stained neurons,
Na,1.2 IR signals were denser in the periphery while parvalbu-
min was denser in the central part of the neurons. Before birth,
the colocalization could be detected in the cortex of the
temporal lobe. By 2M, the double stained neurons turned into
a relatively homogenous “purple color”. In the CA area of the
hippocampus, the colocalization rate remained relatively
stable, while the CA1 sub-region became more obvious, instead
of the CA3. At 7M, in the CA area of the hippocampus, the
colocalization rate was 80.4% (189/235). In the white matter of
the temporal lobe, the colocalization rate decreased and

couldn't detect double-stained neurons since 2M. In the cortex
of the temporal lobe, the overwhelming majority of double-
stained neurons were in the layer IV. At 7M, the colocalization
rate in layer IV reached 98.1% (153/156). Since then, the
colocalization rate in hippocampus and temporal lobe sus-
tained such level during childhood and adulthood (Table 4).

3. Discussion

Our analysis of the sub-regional and cellular distribution of
Nayl.1 and Na,1.2 in the human hippocampus and temporal
lobe extends previous understanding by demonstrating the
developmental changes of Na,1.1 and Nayl1.2 and their
colocalization with parvalbumin.

Here, for the first time, the developmental changes of
Nay1.l and Na,i1.2 in the human brain were described. In
cellular distribution, Nay1.1 and Na,1.2 IR signals immigrated
from the nucleus to the cytoplasm and the neurites during
fetal development. In sub-regional distribution, Na,1.1 and
Nay1.2 IR signals also showed distinct developmental changes
(Tables 1 and 2). In the hippocampus and the temporal lobe,
Na,1.1 immunoreactivity was weak and relatively homoge-
neous in all age groups. Na,1.1 IR neurons appeared in
midgestation, increased with gestational and postnatal ages,
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peaked at 7-9M, and then first decreased and stabilized during
childhood and adulthood. On the other hand, Na,1.2 immu-
noreactivity was strong, heterogeneous and diffusely dense in
the neuropil, providing a strong “background”. In the hippo-
campus, Na,1.2 IR neurons increased gradually from the late
fetal period, peaked at 7-9M, sustained their high level during
childhood, and then at aduithood decreased slightly. In the
temporal lobe, Na,1.2 IR neurons peaked at the late fetal stage,
and sustained that level during subsequent developmental
stages; while Na,1.2 IR neurites increased gradually over all
the subjects’ developmental stages.

There are a few papers that have reported that Na,1.1 and
Na,1.2 could be detected in the rodent and human brains on
the mRNA and protein level (Beckh et al., 1989; Black et al.,
1994; Felts et al,, 1957; Gordon et al,, 1987; Jarnot and Corbett,
2006; Westenbroek et al., 1989; Whitaker et al,, 2000, 2001b),
indicating that they may have common functions across
species. For most of previous papers, they have only examined
the distribution of Na,1.1 and Na,1.2 on the mRNA level,
which are mainly consistent with our sub-regional distribu-
tion shown by IHC, and identified the distribution of Nav1.1
and Navl.2 in the hippocampus and temporal lobe. These
findings are common phenomenon in different species, In
Jarnot’s paper, they report the same cellular distribution of
Nay1.2 with us—in both somata and neurites; but the sub-
regional distribution are different, they report that Na,1.2
predominately localized in unmyelinated fibers and only
localized in a cell body in a small brain region other than the
hippocampus in the rat brain Jarnot and Corbett, 2006). We
found Na,1.2 localized in both somata and neurites in each
sub-region of the human hippocampus and temporal lobe.
These differences in sub-regional distribution may be for the
species variation. In Gordon’s paper, they compare the
expression of Mav1.1 and Navl.2 in a different brain region,
and find that the expression of Nav1.2 is much higher than
Nav1.l in the hippocampus and cerebral cortex, well consis-
tent with our results (Gordon et al., 1987). This conservation of
the relative rato of Na,1.1 and Na,1.2 between different
species may represent the common stable function in
different species. In the cortex of the temporal lobe, Na,1.1
was obvious in layer IV (the inhibitory layer) and Na,1.2 in
layers III and V (the excitatory layers); this difference in
distribution may reflect their distinct roles in the human
brain. The developmental changes of Na,1.1 and Na,1.2 in the
human brain were somewhat different from previous rodent
findings (Beckh et al., 1989; Felts et al,, 1997; Gazina et al,, 2010;
Liao et al., 2010), perhaps because of species variation.

There is a report that Na,1.7 has opposing functions in
different neuron types, and that these gre determined by the
existence of another subtype of sodium channel, Na,1.8 (Rush
etal,, 2006). Similarly, if Na,1.1 or Na,1.2 affect or are affected by
other channels, their developmental changes may have their
functions altered. Na,1.1 and Na,1.2 neuronal expressions
reached their peaks and varied most dramatically during our
subjects’ first year of life. This being so, Na,1.1 and Na,1.2 may
well play a very important role during this period. This could be
the reason most sodium channel related epilepsies begin during
the first year of life. Dravet syndrome, one of the most important
Na,1.1-related epilepsies, is well-known for its intractable
treatment. Knowing how critical the first year is, however, we
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Fig. 3 - The representative pictures of double-staining. A, Na,1.2 mono-staining in the hippocampus from one 22GW case.

B, Na,1.2-parvalbumin double-staining using a serial section from the same case with A. The immunoreactivity of A and B are
mainly consistent; proving that the double-staining is reliable. C, Local magnification of B. Most Na, 1.2 mono-stained (red color)
newurons are overlapped with parvalbumin mono-stained (dark-black color) neurons. Na,1.2 immunoreactivity seems more
intense in the periphery of the somata, while parvalbumin is in the center. D, Na,1.2-parvalbumin double-staining in the white
matter of the temporal lobe from the same case. The double-staining pattern is similar to the hippocampus, although the
staining is weak. E, Na,1.1-parvalbumin double-staining in the hippocampus of one 7M infant case. One Na,1.1 mono-stained
neuron (red) and two double-stained neurons {purple) are scattered. F, Na,1.1-parvalbumin double-staining in layer IV of the
temporal lobe, the same case with E. Several parvalbumin mono-stained neurons (dark blue) and three double-stained neurons
{purple) are in the central part, scatiered double-stained neurites {arrowhead} in the upper-left corner. Bar: A, B, E, 50 pum;

Others, 30 pm.

might do well to begin superactive treatment earlier for infants
suffering from Dravet syndrome. We might even use such
treatiment for infants with SCN1A abnormalitdes before the
severe symptoms present, to help them pass through the ¢ritical
first year of life. This might alleviate the irreversible brain
injures caused by Na,l.1-derived epilepsy. Such a strategy
could be explored using any of the several mouse models
currently available. If successful, the infants suffering from
Dravet syndrome ray avoid facing the predetermined doom.
Using double-staining IHC, we studied Na,1.1 and Na,1.2's
colocalization with parvalbumin. Parvalbumin is found in the

fast-firing inhibitory interneurons and is considered an
excellent chemical marker because of the high quality of its
immunoreactivity. Consistent with Ogiwara et al's. (2007)
report using a mouse model, our study showed that Navi.1
and Nay1.2 have high colocalization rates with parvalbumin.
Both support the hypothesis derived from mouse models in
suggesting that mutations of voltage-gated sodium channels
predominantly impair sodium channel activity in interneur-
ons and can cause epilepsy (Martin et al,, 2010; Ogiwara et al.,
2007; Yu et al, 2006). Na,1.1 and Na,1.2 colocalization rates
show different developmental changes; for example, in the
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Table 3 -~ The developmental changes of the colocalization
rate of Na, 1.1 and parvalbumin double-staining in the
hippocampus and temporal lobe.

Te

hippocampus, the colocalization rate of Na,1.1 and parvalbu-
min increased from 49.8% at 22GW to 80.4% at 7M, while the
colocalization rate of Na,1.2 and parvalbumin was nearly
stable during development, These differences may represent
variations between different sodium channel subtypes.

After 2M, both Na,1.1 and Na,1.2 showed homogeneous
colocalization with parvalbumin in cellular distribution. This
is different from Ogiwara et al's {2007} report, in which
“Navl.l is clustered predominantly at the axon inidal
segments of parvalbumin-positive interneurons”. This may
be the true variation between species. Both Na,1.1 and Na,1.2
showed relatively obvious colocalization in layer IV of the
temporal lobe—where parvalbumin is predeminantly
expressed (lai and Takashima, 1999). At the same time, they
also showed coincidental developmental changes in cellular
distribution patterns, which are related to the characteristic
developmental changes of parvalbumin and sodium channels.

Most previous papers suggest that Na,1.2 specifically loca-
lizes in axons and terminals (Beckh et al,, 1989; Black et al., 1994;
Felts et al., 1997; Gordon et al., 1987; Westenbroek et al,, 1989;
Whitaker et al., 2000, 2001b}, although a few did indicate that
Na, 1.2 expresses in neuronal sornata in small regions of rat and
cat brains (Gong et al, 1999; Jarnot and Corbett, 2006). In this
study, we found similar somatic Na,1.2 expression in each sub-
region of the hippocampus and the temporal lobe. In addition,
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we detected scattered Na, 1.1 and Na,1.2 IR neurons in the white
matter of the temporal lobe. These neurons appeared very early
(at 19GW), showed no obvious developmental changes, and were
not described in the only previous human brain immunostain-
ing study (Whitaker et al,, 2001b). This indicates that sodium
channels may have a more complex and extensive distribution
pattern than previously thought. The double-staining showed
that these neurons were positive for Na,1.1 and Na,1.2, but
negative for parvalbumin after 2M, indicating that they maybe a
sub-population of excitatory newrons having particular func-
tions. In the future, it will be necessary to confirm their exact
localizations as well as functons in the human brain.

In conclusion, our study describes the distribution and
developmental changes of two sodium channels subtypes—
Na,1.1 and Na,1.2—and their colocalization with parvalbumin
in the human hippocampus and the temporal lobe. Our results
revealed that Na,1.1 and Na,1.2 were heterogeneous in
distribution, and showed diverse developmental changes
and colocalization patterns with parvalbumin. These may
reflect the distinct functions of Na,1.1 and Nay1.2 in the
human brain and help us discover the pathomechanisms of
age-dependent epilepsies. Furthermore, a detailed study in
more human specimens is required and with a novel
improvement in the current methods of high-throughput
quantitative histological analysis.

4. Experimental procedures

4.1.  Patient samples

Human post-mortem brain tissues from 28 cases, ranging
from 13 weeks of gestation (GW) to 63 years of age (Y), were
used. None of the cases had a history of neurological or
psychiatric disease. Neutral formalin fixed paraffin embedded
brain tissue blocks were cut into 4 pm-thick sections and
heated at 45 °C for 10h for next use. Informed consent was
provided in writing by the patients or their family representa-
tves in all cases. The experimental design was reviewed and
approved by the Ethics Committee of Fukuoka University.

To guarantee the quality, a neuropathologist reviewed all the
autopsy sections, confirmed that the morphology was normal
and that they were suitable for immunohistochemistry (IHC). As
anadditional safeguard, most of the cases had been successfully
used in previous IHC research {Kanaumi et al,, 2006, 2008).

4.2,  Mono-staining IHC

The sections were deparaffinized and rehydrated as usual,
and then microwaved in 10 mM citrate acid, PH 6.0, for 10 min,
and next incubated in turn in 3% skim milk and in 3% H,0, for
10 min at room temperature (RT), rabbit anti-Na,1.1 (1:400;
Alomone Labs, Israel) antibody for 2 h RT or rabbit anti-Na,1.2
(1:500; Novus Biologicals, USA) antibody for overnight (O.N.} at
4°C. Then the sections were incubated with peroxidase-
labeled polymer-based universal secondary antibody-goat
anti-rabbit and mouse (Nichirei, Japan), 30 min RT, next
detected by 3, 3/-diaminobenzidine tetrahydrochloride (DAB)
(Sigma, USA). During each change, sections were washed
carefully by TBS buffer. Finally the sections were counter-

stained with hematoxylin, and dehydrated, cleared and
mounted as usual.

4.3.  Double-staining IHC

We used the sequential method for double-staining, For the
first detection, after the same pretreatment as described
above, the sections were incubated with rabbit anti-Na,1.1 or
rabbit anti-Na,1.2 antibody, then incubated with biotinylated
goat anti-rabbit secondary antibody (1:200; Vector, USA) for
45 min RT, and then streptavidin/AP {1:100; Vector, USA) for
45 min RT. They were next detected by New Fuchsin solution
{Sigma, USA) (interact with Naphthol AS-BI Phosphate), and
then post-fixed in 10% neutral formalin solution for 20 min.

For the second detection, the sections were microwaved
again, and then incubated in tum in 3% skim milk, 3% H,05,
parvatbumin (1:1000; LifeSpan Biosciences, USA), biotinylated
horse anti-mouse polyclonal secondary antibody (1:200; Vector,
USA), and streptavidin/HRP (1:100; Dako, USA), as before. Then
the sections were detected by DAB-Cobalt solution (Sigma, USA).
Finally these were dehydrated, cleared and mounted as usual.

Control experiments {including a block with a corresponding
inducing peptide, leaving out the primary antibody and the
secondary antibody respectively} were carefully designed and
tested to exclude the potential unspecific reaction{s).

4.4.  Microscopic semi-quantitative analysis

All the sections were viewed carefully under microscope
{BX50, Olympus) by two observers. The immunoreactive (IR)
neurons were semi-quantitatively evaluated for at least 20HPF
{high power field) for each sub-region and graded as negative
{~: no specific staining), uncertain {&: undefined staining), mild
{(+: less than 50% neurons were well stained), moderate (2+
more than 50% neurons were well stained), or marked (3+
more than 50% neurons were markedly stained). The IR
neurites were graded semi-quantitatively as negative (~ no
specific staining), uncertain (4 undefined stainingj, mild (+:
few neurites were well stained), moderate (2+: some neurites
were well stained), or marked (3+ many neurites were
markedly stained). The concordance and reproducibility
were kept well between different observers. According to the
immunoreactivity and the human developmental stages, all
cases were divided into eight age groups.
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Diagnosing nocturnal frontal lobe epilepsy: A case study of two children
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We describe two chiidren of nocturnal frontal lobe epilepsy (NFLE) diagnosed using carefully observed
nocturnal sleep EEGs and detailed patient histaries,

Case #1, a 14-year-old boy, showed repeated generalized tonic convulsions and frequent eyes
opening seizures during sleep. Conventional EEGs - done with the patient awake or in sleep stage 1 -
showed no abnormalities, while a nocturnal sleep EEG - done during in sleep stage Il - revealed the
repeated, sharp wave bursts predominantly in the right frontal lobe characteristic of NFLE. During these
wave bursts, we noticed the boy's eyes opening, although his parents had not been aware this NFLE
symptom.

Case #2, a 12-year-old boy, showed one daytime generalized convulsion. He had also been suffering
from repeated paroxysmal episodes similar to parasomnia - waking up, sitting, walking, screaming, and
speaking - which always followed the same patterns lasting several minutes. During the noctuenal sleep
EEG, episodes occurred twice, showing abnormal epileptic discharges predominantly in the frontal lobe.
His parents did not mention the episodes to us until questioned, as they had recognized them as
parasomnia. The previous conventional EEG showed abnormal slow waves in the frontal Jobe, which led
us 1o suspect frontal lobe epilepsy and to take a detailed patient history.

The frequency and stereotypy of their symptoms during sleep caused us to perform nocturnal sleep
EEGs and led us NFLE diagnosis. Detailed patient histories including sleep habits and carefully observed
nocturnal steep EEGs enabled us to recognize these NFLE clinical features.

© 2011 British Epilepsy Association, Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nocturnal frontal lobe epilepsy is a condition which occurs only
during sleep and which originates in the frontal lobes.»? NFLE's
unusual seizure symptoms often lead to its being confused with
non epileptic parasomnia, making nocturnal sleep EEGs with video
monitoring reliable method for diagnosing it.

2. Case reports

Case #1 is a 14-year-old boy who experienced ~ only during
sleep - repeated generalized tonic seizures. His interictal
conventional EEG findings prior to sleep stage 1 were normal.
The nocturnal sleep EEG we gave him provided evidence for an
NFLE diagnosis.

The patient complained of headache and pain in both thighs on
waking in the morning, an indication he may have had generalized

* Corresponding author. Tel.; +81 92 801 1011; fax; +81 92 883 1970.
E-mail address: hirose@fukuoka-u.acjp (S. Hirose),

convulsions during sleep. In the afterncon, again while asleep, he
had a generalized tonic convulsion fasting 3 min and was brought
to a nearby hospital, where his EEG was taken twice and was
normal each time. His brain MRI was also normal and his family
had no history of epilepsy or febrile seizures, Four months later,
while sleeping, he had another episode of generalized tonic
convulsion, this one lasting 2 min. A week after this, because
of these seizures, we performed a nocturnal sleep EEG. No
abnormality was found during sleep stage I, but 30 min later,
beginning sleep stage I, the EEG showed repeated sharp wave
bursts predominantly in the right frontal lobe (Fig. 1), The patient’s
eyes opened half-way during the sharp wave bursts and closed
when they ended, lasting several seconds, On the basis of his
symptoms and the EEG findings, our diagnosis was NFLE. CBZ was
administered and the symptoms and sharp wave bursts ceased.
Case #2 is a 12-year-ald boy who, while he had had only one
generalized daytime tonic seizure, had experienced nocturnal

_ episodes (somnambulism and might terrors) which led us to

adiminister a nocturnal sleep EEG. Its results led to our diagnosis
of NFLE.

1059-1311/8 ~ see front matter @ 2011 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved,
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Fig. 1. Case #1's nocturnal sleep EEG. When sleep stage Il begins, sharp wave bursts
{predorninantly in the right frontal lobe) recur repeatedly for several seconds at a
time. The patient does not move dusing the bursts but his eyes open half-way. No
abnormalities are seen unti] sleep stage 1.

The patient, at school, had one generalized convulsion lasting
5-10s. The day following this episode, he was given an interictal
awaking EEG in which irregular high voltage slow wave bursts
were seen in the frontal lobe, causing us to wonder whether he had
frontal lobe epilepsy. We questioned his mother and, surprisingly,
found he had been suffering from episodes similar to somnambu-
lism and night terrors. At the age of 11, these episodes occurred a
few times a month. One or two hours after falling asleep, he would
suddenly wake up, sit, walk a few steps, scream, and then speak.
The attacks, which always followed the same pattern, lasted 5 min,
during which he was sometimes fearful, sometimes happy.
Afterwards, he would fall asleep again, and next morning
remembered nothing. At the age of 12, he had such episodes
every night. His mother and sister had had febrile seizures in
childhood; his grandmother and aunt currently suffer from
migraines.

During the nocturnal sleep EEG testing, about 20 min after
falling asleep, he suddenly woke, looked around, and said "yes™
when his name was called. After about 50 s, he lay down and slept
again, Thirty minutes later, he woke again, spoke, and repeatedly
made a fist with his right hand. After 25 s, he lay down and slept.
When he was in sleep stage II, frontal high voltage sharp wave
bursts began 2-3 min before his first episode, Their amplitude
increased gradually and 10s before he awakened frontal high
voltage slow waves began, During and after the seizure, frontal
irregular high voltage slow waves and sharp wave bursts
continued but decreased in frequency, and his sleep returned to
sleep stage Il (Fig. 2). Similar EEG findings were recorded during
the second episede. On the basis of his symptoms and the EEG
findings, we diagnosed his nocturnal paroxysmal movements as
NFLE seizures. After starting CBZ, auditory side effects began to
occur. When ZNS was substituted for CBZ, the side effects stopped
and the nocturnal episodes disappeared,

3. Discussion

There are circumstances under which NFLE should always
be suspected. Among these are: paroxysmal nocturnal events
which occur several times a night; events which persist
into post-pubertyfadulthood or which exhibit extra pyramidal
features; agitated behaviors; and stereotypic attacks.’34
NFLE seizure symptoms may include sudden nocturnal awaken-
ings or opening of the eyes; the placement of the arms or legs in
bizarre postures; frightened or surprised facial expressions;
screams; dystonic and tonic postures; and clonic limb convul-
sions.8

The clinical features table shows the symptoms which led us to
suspect that both Cases #1 and #2 had NFLE and caused us to
administer nocturnal sleep EEGs (Table 1). Case #1 had repeated
tonic seizures and frequent eyes opening seizures during sleep. The
eyes opening in particular occurred many times during sleep stage
Il Case #2 had - exclusively during sleep - repeated stereotypic
episodes similar to parasomnia. The frequency and stereotypy of

A scesing

Fig. 2. Case #2's first ictal EEG. Frontal high voltage sharp wave bursts begin during sleep stage 1l, 2~3 min before the first episode. Their amplitude increases gradually and
10 s before the patient awakens frontal high voltage slow waves begin. During and after the seizure, frontal irregular high voltage slow waves and sharp wave bursts continue

but decrease in frequency.
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Table t
Cases #1 and #2 clinical features.
Case #1 Case #2
Age at onset 4 years 11 years
Age at diagnosis 14 years 12 years
Sex Male Male
Symptoms Tonic seizures Eyes opening seizure Tonic seizure Paroxysmal movements
Frequency 3 times 10-20 times during sleep stage 1 Once 2-3 times per night
Duration 2-3min Several seconds 5-10s 2-5min
Timing Within 1h of sleep Within 30 min of sleep Daytime Within 20min to 2h of sleep
Stereotypy (+) {+) (+)

The table shows the clinical features of both cases. The frequency and stereotypy of the boys® symptoms during sleep contributed to our NFLE diagnosis.

the boys’ symptoms during sleep contributed to our NFLE
diagnosis.

Although these features strongly indicate NFLE, family mem-
bers were unaware that some of the symptoms were abnormal
and, indeed, Case #1's parents had not noticed the frequent eyes
opening during sleep. Similarly, Case #2's parents, who had
recognized the boy’s nocturnal episodes as parasomnia, did not
mention them to us until questioned,

When patients with severe or frequent nocturnal events seek
medical attention, a detailed patient history is essential; equally
important is carefully viewing any video provided by family
members of the patient during sleep.'* If, however, family
members do not recognize paroxysmal sleep events, or consider
them normal, they are unlikely to mention them unless, as in our
two cases, they are carefully questioned by the attending
physician. Accordingly, steep habit interviews are necessary for
all patients showing either daytime or nocturnal seizures. The
interviews are particularly important for patients who have
abnormal EEGs findings predominantly in the frontal lobes.

Nocturnal sleep EEGs are useful for diagnosing NFLE and
distinguishing NFLE from parasomnia. Video monitoring can catch
the NFLE symptoms mentioned earlier and also recognize
stereotypy.! Ictal EEGs can show theta activity, diffuseffocal
flattening of background activity, focal theta activity, rhythmic
delta activity, spikes, sharp waves, and spike/sharp and wave
activity mainly from the frontal lohe. !t

Parasomnic episodes, however, begin when high voltage slow
waves expand and end when wave arousal patterns form; during
the episodes, EEGs show diffuse § waves or @ waves without
spikes.>'® Many NFLE seizures occur during sleep stage 11} while
parasomnia usually occurs during the first cycle of sleep stage HI-
v,

In Case #1, while conventional EEGs ~ done while the patient
was awake or during stage | - showed no abnormalities, a
nocturnal sleep EEG - done during sleep stage Il - revealed the
repeated, sharp wave bursts characteristic of NFLE, We observed
him carefully and noticed his eyes opening during these wave
bursts.

In Case #2’s episode, we recognized dystonic movements of his
hands and stereotypy. Case #2's episodes began in the sleep stage
I, showing high voltage sharp wave bursts which started 2-3 min
before the episode in the bilateral frontal lobes. During and after
the seizure, irregular high voltage slow waves and sharp wave
bursts continued in the bilateral frontal lobes, and ended in the
sleep stage H; that led us to diagnose NFLE.

Another possible cause of NFLE - genetic mutation - was
eliminated form considering by testing. Mutations in 2 genes that
encode the a4 and B2 subunits of the neuronal nicotinic
acetylcholine receptor (CHRNA4 and CHRNBZ2) have been associated

with ADNFLE,'*"*° although they are identified only in a minority of
families with this condition,’® In both Cases # 1 and # 2, we screened
all exons of CHRNA4, CHRNB2 and CHRNAZ using the direct
sequencing method, and found no mutations.

4. Conclusion

The frequency and stereotypy of the patients’ symptorms during
sleep caused us to perform nocturnal sleep EEGs and led us NFLE
diagnosis. Our cases showed repeated generalized convulsions,
frequent eyes opening seizures, and repeated paroxysmal move-
ments similar to parasomnia, Detailed patient histories including
sleep habits and carefully observed nocturnal sleep EEGs enabled
us to recognize these NFLE clinical features.
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Mortality in Dravet syndrome: Search for risk factors in
Japanese patients
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SUMMARY other causes in one patient (1%). The incidence of
sudden death reached a first peak at 1-3 years of
A questionnaire survey was conducted in Japan to age and a second peak at 18 years and older. In
investigate the causes and prevaience of death contrast, the incidence of acute encephaiopathy
related to Dravet syndrome. The questionnaire with SE reached a peak at 6 years of age. Seven of
was delivered to 246 hospitals at which physicians the 10 patients who underwent SCNIA mutation
were treating childhood epilepsy to gain informa- analysis exhibited positive mutations but exhib-
tion about the total number of patzents with Dra- ited no consistent phenotype. The prevalence of
vet syndrome and the prevalence of early death Dravet syndrome-related mortality was 10.1%,
due to the disorder. Responses to the survey were The incidence of sudden death and acute encepha-
collected from 91 hospitals, and a total of 63 of 623  lopathy with SE was higher in infancy {1-3 years)
patients with Dravet syndrome had died. Data and at early school ages (with a peak at 6 years),
from 59 of these patients were analyzed. The age respectively. Neither the treatment nor the num-
at death for these patlents ranged from 13 months ber of seizures was associated with any cause of
to 24 years and 11 months, with 2 median age of mortahty Factors leading to a fatal outcome are
6 years and 8 months. The causes of mortality difficult to predict.
included sudden death in 31 patients (53%), acute KEY WORDS: Dravet syndrome, Severe myo-~
encephalopathy with status epilepticus (SE) in 21  clonic eps%epsy in infants, Mortality, Sudden death,
patients (36%), drowning in é patients (10%), and Acute encephalopathy.

Among the various types of childhood epilepsy, Dravet  cians (So et al., 2009). Until now, no systematic study has
syndrome is one of the most malignant epileptic forms been conducted to clarify the incidence of unexpected
(Oguni et al,, 2001; Dravet et al.,’2005) and exhibits a  death or the prognostic factors associated with the morta-
higher mortality rate. Sudden death from unknown causes lity in this disorder. Because Dravet syndrome is relatively
and mortality associated with lethal status epﬂeptzcus (SE)  rare, an analysis involving a large number of patients in a
have been reported, accounting for a percentage’that is  single hospital is difficult, :necessitating a nationwide
consistent from author to author (Oguni et al., 2001; survey. In this study, we conducted a nationwide question-
Dravet et al., 2005). In addition, unexpected death during  naire survey regarding Dravet syndrome-related mortality
the treatment course for this catastrophic disorder ‘may in Japan and investigated the causes of mortality, the
have irifluenced the rehance of patients’ fam; ies on physz— clinical characteristics at the time of death, and the risk
factors related to mortality.

Dravet Syndrome Prognosis Research Group.
Address correspondence to Masako Sakauchi, Department of
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Wiley Periodicals, Inc. In July 2009, a questionnaire was delivered to the
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Japanese Society of Epilepsy, to hospitals/institutions that
were authorized to train specialists from the Society of

Pediatric Neurology; and:to university hospitals (total: of -

246 hospitals). This survey allowed us to collect informa-
tion about the total number of past and present patients
with Dravet syndrome who had been under care, and of

those who died.’ A secondary questionnaire was sent by ** *
mail to the 26 hospitals who reported mortality cases to'*
obtain information on the following items for each patient:

(1) gender, (2) age at the onset of epilepsy, (3) clinical

type (typical or borderline groups), (4) SCNIA gene test- :
ing, if any, and the results, (5) age at death, (6) causes of -
mortality, (7) the presence or absence of risk factors at--
death, such as fever/infection, bathing, seizures; and the

child’s state (asleep or awake), (8) frequency of seizures
and of SE before death, (9) treatment regimen, (10) neuro-
logic condition, (11) eiectroencepha!oaraph;c and neuro;~
maging findings, and (12) autopsy ﬁndmgs

© Statistical analyses were performed usxng the SPSS
15.0 for Wxndows software proaram (SPSS Japan
Tokyo, hpan) ’I'he chx«square test, r-test, and Mann-
Whitney U-test, were employed to compare the resuls
between two vamables A comparxson among more than
three variables was performed using the cht-square test
with cross-tabulation. A p-value. of <0. (}5 was regarded as
s‘catxstxcaliy sxgmﬁcant ‘

RESULTS

Stxbjects

Responses were collected from 147 of the 246 hospztais
{response rate 59.8%). In 91 of the 147 hospitais atotal of
623 patients with Dravet syndrome had been treated {med-
ian 2 pauenis/hosplta{ range 1~109ﬂmspxtai) In addition,
data on 63 patients 'who had died were coﬁected from 26
hospitals (438 patients). For four patients information at
the time of death was insufficient. Data on the remaining
59 patients were analyzed.

Clinical characteristics of patients who died

For the 59 patients who had died, the male-to-female
ratio was 26:33. Age at onset of epilepsy ranged from 2~
10 months, with a mean of 5.1 months. Of the 59 patients,
20 comprised the borderline group without myoclonic or
atypical -absence seizures, and 39 comprised the typical
group (Fujiwara et al., 2003; Oguni et al., 2005). Seizure
frequency before death was daily in'15 patients, weekly in
23 patients, and monthly in 18 patients. The patients who
had died were not always those with the most severe mani-
festations. With regard to the treatment regimen, there
were 33 patients who were treated with three antiepileptic
drugs, and 23 with more than four drugs. No significant
differences were observed between the typical and the
borderline groups in term of their clinical characteristics
(p > 0.05).

51

Mortality

For the 26 hospitals that reported their mortality rates
for this, nationwide survey, mortality accounted for 14.4%
of the patients with Dravet syndrome (63 of 438 patients).
“"'When usingthe:91 hospitals (623 patients) as a denomina-
tor population, the mortality rate was 10.1%.

Causes of mortality and age distribution
- The causes of mortality were largely classified into
three groups: sudden death (n = 31, 53%), acute encepha-

:lopathy- with. SE (n =21, 36%), and drowning (n =6
-10%). The remaining patient died during fulminant hepa-

titis B (1%). The patients’ ages at the time of death ranged
from'13' months to 24 yearsand 11 months, with a median
of 80.4 months. When reviewing the age distribution with
respect to the causes of mortality, two characteristic pat-
terns were observed (Fig. 1). Briefly, the prevalence of
sudden death reached a first peak at 1-3 years of age and a
second peak at 18 years of age and older. In contrast, the
prevalence of acute encephalopathy wuh SE reached a
peaic at 6 years of ace '

Causes of mortahty and clmlcai features

" In the sudden death group, the median age at death was
43 months which was sagmﬁcantly lower Lhan that in the
acute encephalopathy group (72 months) Thﬁse two
groups cxiubxted charactenstm age dxsmbunons with dif-
ferent peaks (p < 0.05), as “described earher Fever was
noted at the time of death in 81% of the patients who died
of acute encephalopathy with SE. Fever was also observed
in 26% of the patients who dxed suddenly (p < 0.05). The
chmcai features at death w1th respect to the causes of

. }\'pyli’»!.» -

1 Acute encephalopathy
o Suddendeath
I3 Drenwadng

£ 7.8 9101 12 13 18 16 47 ¥
’ ;&;,5, at death (Y}
F;gure I
Distribution of ages atdeath with respect to the causes
of mortality. The incidence of sudden death reached a
first peak at 1-3 years old and a second peak at
- 18 years and older. In contrast, the acute encephalopa-
thy-related mortality rate reached a peak at 6 years
old.
Epilepsia © ILAE
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Clinical conditions immediately before death. (A) Sud-
den death group {n = 31), Most patients were found in
bed early in the morning or during sleep in the after-
noon, Before death, fever was not observed. (B) Acute
encephalopathy with status epilepticus (n = 21). In
most patients, fever was observed. Fatal status epilepti-
cus suddenly developed. MOF, multiple organ failure;
DIC, disseminated intravascular coagulation.
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mortality are shown in Fig. 2. Twenty (65%) and 8 (26%)
of the 31 patients in the sudden death group were found to
have died during sleep or in the early morning, or during
the daytime, respectively, For the remaining three
patients, information about the exact time of their deaths
was unavailable. P

In 6 of the 31 patients in the sudden death group, rigid
limbs and trace amounts of vomit suggested that epileptic
seizures or suffocation were involved in their deaths.
However, an autopsy was not performed for any of these
six patients; therefore, no cause of death was specified. In
14 patients (67%) in the acute encephalopathy group, sys-
temic involvement, such as multiple organ failure and dis-
seminated intravascular coagulation (DIC), became
evident during or after the successful ‘treatment of SE.
Therefore, the clinical response and features of SE dif-
fered from those that the children had repeatedly experi-
enced before. This lethal febrile SE developed suddenly at
a peak age of 6 years, when the seizure or SE frequency
had abated, and led to coma and multiple organ failure
despite vigorous treatment.” The time interval fromr the
onset of SE to death was 24 h or less in five patients
(24%), 1 week or less in six patients (29%), more than
1 week in six patients (29%), and unknown for the
remaining four patients (18%).

An autopsy was performed for only 6 (10%) of the 59
patienis: one who died suddenly, four who died of acute
encephalopathy with SE, and one who died of fulminant
hepatitis B. For these six patients, the causes of mortality

Epifepsia, 52(Suppl. 2):50--54, 2011
doi: 10.1111/.1528-1167.2011.03002.x

were identified as Reye syndrome in two and fulminant
hepatitis in one. However, for the remaining four
patients, no cause of mortality was identified, despite the
agtopsy.

- In the six patients who died from drowning, accidents
occurred while bathing at home or in the hospital. These
patients were 7 years old or older, including two patients
older than 18 years old; as a result, these patients were
able to bathe alone.

SCNIA mutation analysis »

Genetic testing for SCNJA mutations was performed
for only 10 of the 59 patients. Gene mutations were
detected in 7 of these 10 patients. The mutation sites were
scattered within the SCNIA gene, similar to previous
reports, Therefore, no mutation site that was characteristic
of mortality was detected (Depienne et al,, 2009; Lossin,
2009).

Discussion

In this nationwide survey, data were collected for 63
patients with Dravet syndrome who died, and data from 59
of these patients were used for the analyses. The causes of
mortality were classified into three types: sudden death,
acute encephalopathy with SE, and drowning. Sudden
death and acute encephalopathy with SE accounted for
53% and 31% of the causes of deaths, respectively, Sud-
den death occurred most frequently in infancy, and acute
encephalopathy with SE in the preschool ages.

Sudden unexpected death in epilepsy (SUDEP) has
been reported to account for approximately 2-18% of all
epilepsy-related deaths. Therefore, the incidence of
SUDEP in Dravet syndrome is higher than expected
(Gaitatzis & Sander, 2004; Tomson et al., 2008). During
infancy, patients with Dravet syndrome experience recur-
rent - febrile/afebrile SE, despite vigorous antiepileptic
drug treatment (Claes et al., 2001; Dravet et al., 2005). In
the present study, .neither the number of antiepileptic
drugs nor the frequency of the seizures was abnormally
high immediately before death; however, no control group
was established. Most patients with Dravet syndrome who
died suddenly were found in bed early in the morning or
after sleeping in the afternoon. This result is consistent
with common-type SUDEP. Neither electrocardiographic
abnormalities nor heart/respiratory dysfunctions have
been reported in any children with this disorder. Unfortu-
nately, no study has so far demonstrated any other arthyth-
mia-associated gene mutations in patients with Dravet
syndrome. More work is, therefore, needed to clarify
whether the SCNIA mutation site is associated with sud-
den death in Dravet syndrome.

The mortality rate resulting from acute encephalopathy
with SE reached a peak at approximately 6 years old, and
in these cases, coma or multiple organ failure fed to a fatal
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outcome despite seizure control. The frequency of SE or
of prolonged seizures decreases markedly in children with
Dravet syndrome aged over 4 years. Therefore, mortality
related to acute encephalopathy with SE at this age is an
unexpected event for the families of these patients and for
health care professionals (Oguni et al., 2001; Dravet et al,,
2005). In Japan, fulminant acute encephalopathy associ-
ated with SE in children has recently been identified as a
complication of influenza infection. The individual
genetic factors that contribute to the susceptibility to acute
encephalopathy are suggested to play an important role in
the disease pathogenesis (Mizuguchi et al., 2007). For
patients with Dravet syndrome, SCNI/A mutations are
related to seizores that are markedly sensitive to elevated
temperature. This disorder frequently causes acute
encephalopathy; however, the causes for a peak incidence
of fatal acute encephalopathy with SE at approximately
6 years old should be clarified.

All of the patients who had accidental deaths drowned
while bathing. Drowning-related mortality is avoidable in
patients with Dravet syndrome and in patients with other
types of epilepsy (Gaitatzis & Sander, 2004). Because sei-
zures that are hypersensitive to elevated body temperature
continue through adulthood in most patients with this dis-
order, the Japanese-style bathing that raises body tempera-
ture is a potential risk factor (Oguni et al,, 2001).
Therefore, it is necessary to train caregivers to be vxgllant
when such patients take a bath.

The prevalence of mortality in patients with Dravet syn-
drome has been shown to range from 5-20%, which is
markedly higher than in patients with other types of epi-
lepsy (Oguni et al., 2001; Dravet et al., 2005). In the pres-
ent study, the statistical’ analyses involving the 91
hospitals showed a mortality rate of 10.1%. The data from
the 26 hospitals that reported mortality cases indicated
that the mortality rate was 14.4%. However, a limitation
of this study was that the survey period differed among the
hospitals, leading to difficulty in accurately evaluating the
population (as a denominator). Other limitations of this
study included a 60% response rate to the questionnaire,
retrospective case ascertainment, a very low autopsy rate,
and a low incidence of SCN/A mutation analyses, all of
which lowered the validity of this study. Despite these
limitations, the mortality rate would still be estimated to
range from 10-15%, which is markedly higher than the
rate in patients with other types of epilepsies.

In conclusion, this study identifies the high-risk age
periods with respect to the specific causes of mortality;
however, no other prognostic factors, including SCNJA
mutations, could be identified. Since the 1980s, there has
been a strong medical/social interest in SUDEP in patients
with epilepsy (Nilsson et al., 1999; Gaitatzis & Sander,
2004; Tomson et al., 2008). Accordmg to a report that was
published by a collaborative special commitiee of the
American Society of Epilepsy and the Foundation of

Epilepsy, future endeavors should emphasize the impor-
tance of talking with patients’ families about SUDEP,
facilitating physicians’ and community members’ under-
standing of SUDEP, and planning nationwidefinterna-
tional prospective studies (So et al., 2009). It is necessary
to provide the information obtained in this nationwide sur-
vey regarding the causes of mortality and the high-risk age
perieds to the hospitals that are involved in the treatment
of this disorder and to the patients’ families despite objec-
tions that have been raised concerning the difficulty of SU-
DEP prediction and families’ anxiety levels. A worldwide
multiinstitutional study needs to be performed to identify
the risk factors at the molecular level and to prevent the
catastrophic events associated with this syndrome.
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Summary  Callosotomy has been considered as a palliative therapy for refractory epilepsy
patients with non-focal onset seizures. Residual partial seizures and unilateral epileptiform
discharges on electroencephalography (EEG) are sometimes observed after callosotomy. These
findings suggest that some patients may be candidates for subsequent resective surgery. Of
149 children who received a callosotomy, resective/disconnective surgery was subsequently
performed in 19 patients. Most patients had generalized seizures and epileptiform discharges
on EEG before callosotomy. Two-third had normal neuroimaging studies at initial presurgical
evaluation. After callosotomy, ictal symptoms evolved into asymmetric features suggesting
partial onset seizures. Post-callosotomy EEG showed completely lateralized or localized epilep-
tiform discharges responsible for residual partial seizures in 16 of 19 patients. Fifteen patients
underwent resective surgery of the unilateral frontal lobe, and the remaining received hemi-
spherotomy or posterior quadrantectomy. After subsequent surgery, favorable seizure outcomes
were obtained in 11 patients (57.9%). Favorable seizure outcomes may be achieved with cal-
losotomy and subsequent surgery in selected patients who are not candidates for a conventional
resective surgery at initial presurgical evaluation.

© 2010 Elsevier B.V. All rights reserved.

introduction and Shimizu, 2001; Cross et al., 2006; Sunaga et al.,
2009). This procedure has also been used in patients with

Callosotomy is considered a palliative therapy for refractory ~ Symptomatic or cryptogenic generalized epilepsy includ-

epilepsy without a resectable epileptic focus (Asadi-Pooya
et al., 2008). Benefits have been shown for patients
with disabling drop attacks, particutarly children (Maehara
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ing infantile spasms and Lennox—Gastaut syndrome (Pinard
et al., 1999; Cukiert et al., 2006). However, postoperative
residual partial seizures are often observed even in patients
without generalized seizures (Gates et al., 1987; Spencer
etal., 1991). These residual partial seizures may occur more
frequently postoperatively (Spencer et al., 1984), but are
often milder with a more gradual onset (Baba et al., 1996;
Sunaga et al., 2009). In addition, electroencephalography
{EEG) often reveals localized/lateralized epileptiform dis-
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charges after callosotomy (Spencer et al., 1993; Oguni et al.,
1994; Baba et al., 1996; Matsuzaka et al., 1999). These
improvements are associated with functions of the corpus
callosum in epilepsy, i.e., propagation of focal onset seizures
{(Spencer et al., 1993; Tanaka et al., 2001) and synchrony and
facilitation of epileptogenic activities between hemispheres
(Wada and Komai, 1985; Ono et al., 2002; Matsuo et al.,
2003). Although there has been controversy whether post-
callosotomy residual partial seizures should be regarded as
fragments of preoperatively observed generalized seizures
or newly developed seizures (Spencer et al., 1984; Gates
et al., 1987), those findings may suggest the existence of
predominant epileptogenicity in the unilateral hemisphere
(Ono et al., 2009).

The above concepts indicate that callosotomy is a diag-
nostic as well as palliative therapy, and selected patients
who undergo this procedure may be candidates for sub-
sequent resective surgery. So far, there have been some
case presentations and small studies of this stepwise surgery
reporting successful cases (Clarke et al., 2007; Nakayama
et al., 2009) or poor results (Silverberg et al., 2010). How-
ever, no larger studies have been conducted. The authors’
experiences with this stepwise procedure of callosotomy and
subsequent resective surgery are discussed in this report.

Methods

In the Nagasaki Epilepsy Surgery Program, EEG-video monitor-
ing, magnetic resonance imaging (MRI), interictal single photon
emission computed tomography (SPECT), and developmental or cog-
nitive tests have been routinely performed as an initial presurgical
evaluation for children with refractory epilepsy. Patients with pre-
sumed partial epilepsy additionally received ictal SPECT and/or
positron emission tomography (PET) if required. Then, resective
or hemispheric/multilobar surgery (hemispherotomy or multilobar
disconnective surgery) was planned for patients with partial onset
epilepsy in whom a resectable focus was identified. Wada test and
intracranial EEG (IEEG) study including functional mapping were
also performed if possible and needed.

On the other hand, callosotomy was considered when resective
surgery was not deemed applicable through the preoperative survey.
Typical criterion for consideration of corpus callosotomy were (1)
semiology of seizures (e.g., generalized atonic, tonic, tonic—clonic,
and myoclonic seizures that were often expressed as drop attacks,
epileptic spasms, atypical absence, and complex partial seizures
(CPSs) which presumably originated from frontal lobe); (2) no
responsible focal abnormality on MRI; (3) bilaterally synchronous or
multiple interictal epileptiform discharges; and (4) bilaterally dif-
fuse onset of ictal discharges (e.g., electro-decremental patterns
and fast activities on EEGs) (Hanson et al., 2002). Although recent
papers suggested the effect of callosotomy on seizures in patient
with idiopathic generalized epilepsy (Jenssen et al., 2006; Cukiert
et al., 2009), such patients have not been included in our surgical
series as yet. Extension of callosal bisection was mainly determined
by patient age and by distribution of epileptiform discharges on
EEG. Patients less than 10 years old were usually submitted to total
callosotomy. This was because total callosotomy was more effective
than the partial callosotomy in children with drop attacks {(Maehara
and Shimizu, 2001), and disconnection syndrome was not obvious in
children less than 10 years old (Sauerwein and Lassonde, 1997).

Postoperative clinical evaluations, including EEG-video moni-
toring, were usually scheduled at 1, 6, and 12 months, and then
yearly after callosotomy. Depending on seizure status during the
follow-up period, medical treatments were occasionally adjusted.
In patients with stereotypical asymmetric seizures or with com-

plex partial seizures suggesting a unilateral epileptogenic focus,
examinations were repeated as with the initial presurgical evalua-
tion and subsequent resective surgery was planned if applicable.
Subsequent surgery was usually excluded for patients manifest-
ing either multiple types of seizures or bilateral epileptiform
activity.

Between 1987 and 2009, 149 children less than 15 years old
received a callosotomy through our epilepsy surgery program. Of
these, subsequent resective or hemispheric/multilobar surgery was
performed in 19 patients (12.8%). Medical records and EEGs of these
19 patients were reviewed. The most recent seizure frequency at
the final follow-up point was scored 6—95 months after the final
surgery, and postoperative outcome was categorized with Engel’s
classification (Engel et al., 1993). Classes | and Il outcomes were
defined as favorable outcomes.

Correlations of some clinical measures or categories with the
latest sejzure frequency (including favorable or unfavorable out-
comes) were statistically tested with Fisher’s exact test and the
Mann—Whitney U test if needed. P values of less than 0.05 were
considered statistically significant. Multivariate analysis was not
feasible due to the lack of sufficient sample size.

Our pediatric epilepsy surgery program and study were
approved by National Nagasaki Medical Center Institutional Review
Board.

Results

Pre-callosotomy status

Details concerning pre-callosotomy status are summarized
in Table 1. Initial seizures were generalized tonic seizures
in 10 patients, epileptic spasms in 7, atonic seizures in 3,
CPSs in 2 and secondarily generalized tonic—clonic seizure
(5G) in 3 patients. These seizures had poor lateralizing signs
such as asymmetric postures, clonic movements of unilat-
eral limbs, auras or starting from partial motor seizures.
Drop attacks due to the above seizures were also seen in 8
patients. Seizures had occurred daily in all patients. Devel-
opmental delay or cognitive impairment was revealed in
all patients. MRl demonstrated hemispheric cerebral atro-
phy after meningitis in 2, focal atrophy in the frontal
lobe after head injury in 1, cortical dysplasia existing in
the bilateral posterior cortex in 1, tuberous sclerosis with
multiple and bilateral cortical lesions in 3, and no abnormal-
ity in 12 patients. Three patients with unilateral cerebral
atrophy had mild or moderate hemiplegia, but they could
walk independently. Interictal SPECT exhibited asymme-
try in 8 patients: unilateral hypoperfusion in 5 patients (3
with atrophic lesions), and multiple hypo- or hyper-perfused
areas in 3 patients with tuberous sclerosis. Bilaterally syn-
chronous epileptiform discharges were cbserved on EEG in
all patients except for 3 patients with hypsarrhythmia or
multifocal epileptiform discharges. In 3 patients with unilat-
eral cerebral atrophy, the amplitude of EEG discharges was
inversely dominant in the non-affected hemisphere. Ictal
EEGs were not focal but instead had a bilaterally diffuse
onset pattern in all 19 patients.

Callosotomy was performed to prevent drop attacks
and other generalized seizures because a resectable
focus could not be identified through preoperative eval-
uations. Postoperative courses were uneventful, and
permanent disconnection syndrome was not observed in any
patients.
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Table 1 -Patients’ status before callosotomy. -
PN Gender  Ageatcallosotomy ~ Seizures MRl SPECT lDsonEEG  Type of callosotomy -
1M 5m.o. s NL  Symmetric HYPS TG
SR R 9m.o.- TS . BL(TSC) - -Asymmetric.  MF .TC
S3uei Fe 1y.0. ~ CPS,TS,SP. BL(TSC)  Asymmetric  MF - TC
A F 1 y.0: 5P NL . Symmetric  BS AC-PC
5 F: 1y SP BL (CD) ~Asymmetric HYPS TC
6 M 1y.0. SP coooNL Symmetric .~ BS - TC
7 F 3v.o. SP (DA) NL Symmetric - BS AC i
8 F 3 y.0. SP(DA) . NL Symmetric_ - BS. TG s
9 M 3y.o. AT(DA) NL Symmetric ~ BS TC
10 F 4v.0. TS(DA)  NL _Symmetric. - . BS . AC-PC
1 M 5y.0. TS (DA) HAL - Asymmetric  BS-CP TC
12 M 6 y.0. TS, G NL ~ Symmetric ~ BS . AC
13 F 7 y.0. TS(DA)  HAL - Asymmetric  BS-CP . TC
14 M 7 vo. AT(DA) N ~ Symmetric  BS TC
15 M MMyo. TS NL ~ Symmetric  BS AG=C s
16 M S tyoes CPS, sG ~ FAL Asymmetric 'BS-CP' i ACo
A7 M 11v.0. TS - ***'BL (TSC) ~  Asymmetric . BS © L AC
18  F 12 y.0. AT, S (DA) NL Asymmetric  BS i AG
19 M ~13vyo0. - TS, SG -~ NL - Symmetric: BS CAC

PN, patient number, M, ma(e, F female, m.o., . month- old; v.o, year~old S, eplleptlc spasms; TS, tomc seizures; DA, drcp attacks,7
AT, atonic seizures; SG, secondary generahzatlon CPSs, complex partial seizures; NL, no lesion; BL, bﬂaterat lesions; TSC, tuberous
:sclerosrs complex; €D, cortical dysplasia; HAL; hemispheric atrophic lesion; FAL, focal atrophic lesion in'the frontai lobe; 1IDs, interictal’
«epileptiform discharges; HYPS, hypsarrhythmta, BS, bilaterally synichronous 11Ds; MF; multi focal 11Ds; BS-CP, bllaterauy synchronous but
contralaterally predominant IIDs;. TC, one-staged total callosotomy; AC, anterior callosotomy; PC, posterior ca{losotomy :

Table 2 Patients’ status after callosotomy.

PN Seizures SPECT or PET!Ds on EEGSubsequent surgery (interval, month}IOZ on IEEGFollow-up (month)Seizure outcome

1 ASP (H&L) Asymmetric’ UH Hemispherotomy (6} 41 |

2 ATS (H&L) Asymmetric MF RSF (3) 10 i
3 CPS, ATS (H&L)Asymmetric MF RSF (6) 6 |

4 ASP (H&L) “Asymmetric - UF IEEG/RSF {62) Extended - 41 i

5 ASP (H) Asymmetric- UP PQ (10) 21 Il
<6 ASP (H&L) Asymmetric -UF RSF (6) 9 |

7 Subclinical Asymmetric UF IEEG/RSF (55) Localized 31 |
“8ASP(H&L)  Asymmetric UF IEEG/RSF-(12) Extended 34 |

9 AHD (H) Asymmetric - UF RSF (33) 10 I
10-ATS (H&L) Asymmetric  UF IEEG/RSF (21) Extended 72 il
11°ASP (H&L) - “Asymmetric - UH Hemispherotomy (11) 59 |
12 ATS (H&L), SG Symmetric © BF:IP IEEG/RSF (38) Extended = 46 il
13 ATS (L) Asymmetric UH ~  Hemispherotomy (19) 4 b
14 AHD(H) Asymmetric  UF IEEG/RSF (11) Localized 34 1
15 ATS (HE&L) Asymmetric UF IEEG/RSF. (95) Extended = 62 il
16 CPS Asymmetric ' UF IEEG/RSF (13) Localized 95 P
17 ATS (H&L). Asynjmetric UF ~  IEEG/RSF (6) Extended ' 21 S
18 ATS (H&L) ~ Asymmetric BF-IP  IEEG/RSF (22) Extended 69 ]
19 ATS (H&L), SG Symmetric  BF-IP IEEG/RSF (8) Extended 71 -

PN, patient number; ASP asymmetric epileptic spasms; ATS, asymmemc tonic sezzures, AHD, asymmetnc head drops; H&L both head
and limbs were ictally. mvolved H or L, head or limbs were ictally involved, respectively; SG, secondary generalization; CPSs, complex
“partial seizures; |IDs, interictal epﬂeptxform d:scharges, UH, unilateral hemispheric IDs; MF, multi-focal 1IDs; UF, unilateral frontal
1IDs; UP, umiateral posterior lle, BF-IP, bilateral frontal but ipsilaterally predominant |IDs; interval, interval between callosotomy and
subsequent surgery. IEEG, intracranial EEG; RSF, resective surgery of thé unilateral frontal lobe; PQ, posterior quadrantectomy; 10Z,
ictal onsét zone; extended, extended to the motor cortex/parietal lobe; local ized, locahzed to the resectable frontal lobe; seizure
outcome, Engel’s classification.
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Post-callosotomy status

Clinical details concerning post-callosotomy status are sum-
marized in Table 2. Clinical seizures were more or less
reduced in frequency but still persisted (almost daily)
after callosotomy in 18 patients. However, post-callosotomy
residual seizures were transformed into milder seizures and
were suspected to be unilateral in onset. Residual seizures
were classified as asymmetric tonic seizures in 9 patients,
asymmetric epileptic spasms in 6, asymmetric head drops
in 2, and CPS without SG in 2 patients. Asymmetric tonic
seizures were characterized by sustained posturing of uni-
lateral limbs contralateral to the epileptic focus with or
without head/body version. Asymmetric epileptic spasms
briefly involved contralateral limbs and usually coincided
with neck flexion. Asymmetric head drops were character-
ized by atonic head falling with ipsilateral deviation. Drop
attacks were suppressed in 6 of 8 patients after callosotomy.
Two patients had SG with improved duration and severity of
seizures (patients 12 and 19). One patient had no cbvious
clinical seizures, but EEG showed frequent focal ictal dis-
charges in the right frontal region (subclinical discharges,
patient 7). In 9 patients, post-callosotomy interictal SPECT
or PET revealed new ipsilateral hypo-perfusion/metabolism.
Post-callosotomy interictal EEG demonstrated epileptiform
discharges unilaterally localized in the frontal region in
10 patients, in the posterior region in 1, diffuse hemi-
spheric discharges in 3, bilateral frontal discharges in 3
and bilaterally multifocal (frontal and temporal) discharges
in 2 patients. Ictal EEGs exclusively suggested ipsilateral
ictal onset in 17 (frontal region in 13 and hemispheric
in 4) patients. Two patients had bilaterally independent
frontal seizures (asymmetric tonic seizures and SG), but they
predominantly occurred unilaterally. Based on these find-
ings, subsequent resective surgery of the unilateral frontal
lobe (RSF, n=15) or hemispheric/multilobar disconnective
surgery (HMDS, n=4) were planned. Intervals between cal-
losotomy and the second surgery ranged from 3 to 95
months. This range was due to additional medication pre-
scribed as therapy for control of residual partial seizures.
The reproducibility of seizures and EEG was also confirmed
with repeated monitoring by EEG-video for most of the
patients.

Resective surgery of the frontal lobe (RSF)

Eleven of the 15 RSF patients underwent IEEG-video moni-
toring using implanted subdural electrodes prior to RSF. The
ictal onset zone (I0Z) was detected in the frontal lobe in all
11. However, I0Z simultaneously or immediately involved
the primary motor cortex, and occasionally the parietal
lobe in 9 (extended I0Z). RSF was performed based on ictal
IEEG findings. However, functional or anatomical motor- and
language-related areas were preserved even if they were
encompassed by the 10Z. Resection of the prefrontal cortex
guided by intraoperative EEG was performed in the remain-
ing 4 patients because of younger age and clearly localized
EEG abnormalities. Two of the 4 patients had an apparent
cortical lesion of tuberous sclerosis within the resected area.
Postoperative histological examination revealed microdys-
genesis in 7 patients with normal MRI.

One patient (patient 11) still had secondary generalized
seizures after RSF, and posterior callosotomy was addition-
ally performed 2 years later in order to prevent secondary
generalization.

Concerning surgically related complications, epidural
empyema requiring surgical evacuation occurred in one
patient (patient 17), but no morbidity remained. Postop-
erative hydrocephalus was seen in another patient (patient
3), and ventricle peritoneal shunting was required 1 month
later.

Hemispheric/multilobar disconnective surgery
(HMDS)

Hemispherotomy was performed in 3 patients and posterior
quadrantectomy (Daniel et al., 2007) was performed in 1
patient without IEEG-video monitoring. It was determined
by neurological conditions and findings from MRI and scalp
EEG. Postoperative hydrocephalus was seen in one patient
(patient 10), and ventricle peritoneal shunting was required
6 months later.

Postsurgical evaluation and statistical analysis

At the latest evaluation after the final surgery, freedom from
seizures (class 1} was accomplished in 9 patients (47.4%), and
favorable outcomes (classes | and Il) were achieved in 11
patients (57.9%). Anticonvulsants were continued after final
surgery in all but one patient (patient 7). In patients who
did not achieve favorable seizure control, residual seizures
were similar to those post-callosotomy, such as asymmetric
tonic seizures and asymmetric epileptic spasms. Indepen-
dent seizures from the bilateral hemisphere continued in
two patients (patients 12 and 19).

Pre-callosotomy factors, such as age at epilepsy onset,
duration of epilepsy (not shown in table), age at calloso-
tomy, presence of lesion(s) on MRl and asymmetric perfusion
on SPECT, were not correlated with favorable outcomes.
With respect to post-callosotomy factors, HMDS yielded
more favorable outcomes than RSF, though this difference
did not reach statistical significance (HMDS vs. RSF, 100%
vs. 46.7%; P=0.1). Latency between callosotomy and subse-
quent surgery and asymmetric finding on PET/SPECT after
callosotomy were not significantly correlated with seizure
outcome. In patients with submitted RSF, ictal involvement
of contralateral limbs and extended 10Z on IEEG were associ-
ated with unfavorable outcomes (classes Il and IV) (P=0.026
and P=0.024, respectively).

Discussion

Seizure outcome comparing with conventional
resective surgery

In this pediatric series, after stepwise surgery consisting of
callosotomy and resective surgery, more than half of the
patients had no or rare seizures. This result is compara-
ble with previous reports of conventional resective surgery.
Favorable surgical outcomes have been reported in 45—85%
of patients with extratemporal lobe epilepsy (Wyllie et al.,
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1998; Paolicchi et al., 2000; Alarcon et al., 2006; Kim et al.,
2008; Zupanc et al., 2010).

Although all 4 patients who underwent subsequent
HMDS had favorable outcomes, only 46.7% of patients who
received subsequent RSF achieved favorable outcomes in
this series. In the previous surgical series of frontal lobe
epilepsy, seizure-free and favorable outcomes have been
reported in 30—70% and 50—80% of patients (Cascino et al.,
1992; Swartz et al., 1998; Ferrier et al., 1999; Jobst et al.,
2000; Mosewich et al., 2000; Siegel et al., 2001; Zupanc et
al., 2010). Some prognostic factors for unfavorable postop-
erative outcome were also documented including no focal
lesion on MRI (Cascino et al., 1992; Ferrier et al., 1999;
Mosewich et al., 2000), histologically proven malformation
of cortical development (Jeha et al., 2007), generalized
or non-focal ictal onset pattern on preoperative EEG (Jeha
et al., 2007), and incomplete resection due to extended
electrographic abnormality proximity to the functional cor-
tex (Paolicchi et al., 2000). A majority of patients in
the present series who underwent RSF possessed these
“‘unfavorable’” findings indicating more extended epilepto-
genicity (e.g., non-focal ictal onset pattern in all at initial
presurgical evaluation; extended I0Z in 8 of 11 patients with
IEEG study). However, normal MRI, which was also found in
11 of 15 patients, was not a statistically significant factor
for unfavorable outcome in this study.

Ictal symptoms after callosotomy

Some ictal symptoms after callosotomy may have had an
influence on final seizure outcome in patients who under-
went RSF.

In frontal lobe epilepsy, there have been reports of
successful resective surgery for unilateral tonic postur-
ing seizures and asymmetric epileptic spasms (Janszky
et al., 2001; Ramachandrannair et al., 2008). Similarly, two
patients with epileptic spasms involving the contralateral
upper limb (patients 6 and 8) and one patient with con-
tralateral tonic posturing following CPS (patient 3) achieved
favorable outcome after the subsequent resection. However,
most patients who had ictal involvement of the contralateral
limb (such as asymmetric epileptic spasms and tonic postur-
ing) had residual seizures after the RSF. Together with IEEG,
an extended 10Z might contribute to the ictal symptoms and
result in incomplete resection in those patients. Therefore,
ictalinvolvement of the contralateral limb after callosotomy
may be a negative predictor for favorable cutcomes.

In contrast, all 4 patients without ictal involvement of the
contralateral limb achieved favorable outcomes. One had
CPS {patient 16), two had asymmetric head drops (patients
9 and 14), and one had only subclinical seizures (patient 7)
after callosotomy. CPS in frontal lobe epilepsy usually origi-
nates from the medial frontal, orbito-frontal or fronto-polar
cortex (Jobst et al., 2000), and is usually resectable.

Asymmetric head drops were characterized by atonic
head falling deviating ipsilaterally. The responsible 107 for
this type of seizure is uncertain. Atonic seizures are pro-
duced by a sudden reduction of axial muscle tone, and
results in head drops and body fall. Generalized atonic
seizures are most probably the result of activation of the
inhibitory centers in the brain stem mediated by cortical

epileptic discharges and the cortico-reticulo-spinal systems
{Noachtar and Peters, 2009). When bilateral epileptogenic
hemispheres are synchronously activated (Spencer et al.,
1993; Ono et al., 2002), this hypothesis can account for gen-
eralized atonic drop attacks before callosotomy. It has also
been suggested that drop attacks in partial seizures may be
close in mechanism to those seen in generalized seizures (So,
1995). If the connection between the lateralized epilepto-
genic hemisphere and brain stem persists after callosotomy,
unilateral alteration of axial muscular tone and asymmet-
ric head drops may occur. Unfortunately, in patients in the
present report, the responsible 10Z for asymmetric head
drops could not be clearly revealed by intracranial EEGs.
However, it might be possible that unilateral epileptogenic
activity in the frontal lobe evoked asymmetric head drops.

Stepwise procedure for patients with
unilateral/bilateral lesions

The present series consisted of three patients with uni-
lateral atrophic lesions who were etiologically suspected
to have partial epilepsy. Pre-callosotomy EEGs revealed
predominant epileptiform discharges in the non-affected
hemisphere, and those in the atrophic hemisphere might
have been masked. However, in the case of generalized
seizures such as epileptic spasms or tonic seizures, it is dif-
ficult to confirm that the atrophic hemisphere is exclusively
responsible for the seizures (Andermann et al., 1993).

Wyllie et al. (2007) summarized their large surgical
series of pediatric patients with unilateral lesions on MRI
and generalized abnormalities on preoperative EEG. Most
patients had a congenital or early-acquired lesion. They
concluded that hemispherectomy and lobar/multi-lobar
resective surgery for the affected hemisphere might be suc-
cessful for selected patients despite abundant generalized
or bilateral epileptiform discharges on EEG. However, resid-
ual seizures and generalized or contralateral epileptiform
discharges on EEG persisted after surgery in some patients
{(Wyllie et al., 2007). Hallbook et al. (2010) reported that
a majority of their patients with congenital or acquired
lesions, who underwent hemispherectomy, had contralateral
MRI abnormalities. They also mentioned that seizure-free
outcome was less frequent in children with generalized
or contralateral epileptiform discharges on postoperative
EEG (Hallbook et al., 2010). Thus, it should be considered
that those patients had more or less bilateral epilepto-
genic processes, despite the unilateral nature of the lesions.
In the present series, three patients had mild or moder-
ate contralateral hemiparesis, but no focal motor seizures
attributable to the affected hemisphere were present. Two
patients had tonic seizures frequently causing drop attacks
and physical injuries (patients 11 and 13), and the other
patient experienced CPS and SG without lateralizing ictal
features (patient 16). For such patients, callosotomy could
be an initial surgical option, and subsequent surgery may
be possible depending on their post-callosotomy seizures.
This stepwise procedure can be accurate and safe for these
patients.

Callosotomy has been occasionally performed on patients
with bilateral lesions (Kawai et al., 2004; Silverberg et al.,
2010). Kawai et al. (2004) stated that total callosotomy
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