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Posterior quadrant disconnection surgery for Sturge-
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SUMMARY

for adequate seizure control and prevention of psychomotor deterioration. The
majority of patients with SWS have leptomeningeal angioma located over the tempo-
ral, parietal, and occipital lobes. We applied posterior quadrant disconnection surgery
for this type of SWS with intractable seizure. We evaluated the efficacy of this proce-
dure in seizure control and psychomotor development.

my (PQT) were enrolled in this study. Surgical outcome was analyzed as seizure-free
or not at 2 years after surgery. Psychomotor development was evaluated by the scores
of mental developmental index (MDI) and psychomotor developmental index (PDI) in
the Bayley Scales of Infant Development Il preoperatively, and at 6 and 12 months
after the PQT.
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of the angiomatous areas had residual seizures. Average MDI and PDI scores before
the surgery were 64.8 and 71.6, respectively. Scores of MDI at 6 and 12 months after
the PQT in seizure-free patients were 80.5 and 84.5, respectively (p < 0.01). PDI scores
at these postoperative intervals were 87.3 and 86.4, respectively (p < 0.05). Patients
with residual seizures did not improve in either MDI or PDL.

development in patients with SWS. The complete deafferentation of angiomatous
areas is required for seizure-free results and psychomotor developmental improve-
ment.

KEY WORDS: Sturge-Weber syndrome, Epilepsy surgery, Posterior quadrantecto-
my, Seizure outcome, Psychomotor development.

Historically, intractable multilobar epilepsy has been
treated with resective surgery, performing the removal of
large parts of the hemisphere. However, superficial hemo-
siderosis occurs as a severe complication after large resec-
tive procedures.’ Therefore, to prevent this complication,
disconnection surgeries such as functional hemispherecto-
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my and hemispheric differentiation, hemispherotomy, and
posterior quadrantectomy were developed for these cases.
Understanding that interruption of the epileptic discharge
propagation pathways has the same effect as removing the
focus, resection surgeries were effectively modified into
disconnective ones.> ™ Therefore, currently, disconnective
surgeries yield the same or better results with lower compli-
cation rates compared to resections. This is valid also for the
current approach to surgical technique in Sturge-Weber syn-
drome (SWS).

Recently, surgical treatment by multilobular resection or
disconnection in cases of posterior quadrant located foci has
been increasingly used, although the frequency of these pro-
cedures account for <5% of all epilepsy surgeries.” In the
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majority of patients, the SWS leptomeningeal angioma
involves the posterior quadrant, which justifies selective
posterior quadrant disconnective surgery for this type of
SWS. Similar to cases with intractable epilepsy due to com-
plete unilateral hemispheric involvement, early surgery
should be carried out for patients with epileptic foci in this
area. In this study, we introduce the techniques and the
details related to posterior quadrantectomy, and we evaluate
its effectiveness for epilepsy control and psychomotor
development.

METHODS

We have followed 75 patients with SWS since 1986—
2011 in Juntendo University, Tokyo, Japan. Clinical evalua-
tion included clinical, electrophysiologic, neuroimaging,
and neuropsychological examinations in all patients. The
territory of leptomeningeal angioma was evaluated using
magnetic resonance imaging (MRI) with contrast-enhanced
fluid-attenuated inversion recovery (FLAIR) imaging.” We
classified those patients into the following three groups
according to the area involved by the leptomeningeal angi-
oma: bilateral, hemispheric, and partial. We had six
patients in the bilateral, 14 in the hemispheric, and 55
patients in the partial group. A hemispherotomy was indi-
cated for all patients of the hemispheric group, and a corpus
callosotomy was carried out for all of them in the bilateral
group. Ten of 55 patients in the partial group were indicated
for posterior quadrantectomy (PQT; Fig. 1).

We enrolled 10 patients with PQTs, six boys and four
girls, in this study. The mean age at the time of surgery was

Figure I.

Sturge-Weber syndrome with leptomeningeal angioma distributed
in the posterior quadrant. The majority of our SWS patients (55/
75) have the leptomeningeal angioma distributed in the temporal,
parietal, and occipital lobes in our series. MRl with contrast-
enhanced FLAIR imaging shows the accurate territory of lepto-
meningeal angioma. Ten of 55 patients were diagnosed with intrac-
table epilepsy with continuous deterioration of psychomotor
development and indicated for posterior quadrantectomy.
Epilepsia © ILAE
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2 years and 4 months, and ranged from 8§ months to 8 years.
The postoperative follow-up period was from 24 to
47 months. In five patients the leptomeningeal angioma
was in the left hemisphere, and in five it was in the right.
Invasive EEG monitoring using subdural electrodes was
indicated for one patient as a presurgical evaluation. That
boy had continuous delay of psychomotor development;
however, we did not confirm his clinical seizures on several
occasions of video—scalp electroencephalography (EEG)
monitoring. We speculated that he had several undetectable
seizures that caused his developmental deterioration, and
implanted subdural electrodes to confirm ictal activity. We
obtained four subclinical seizures during 3 days of monitor-
ing, and the seizure discharges came from within the
posterior quadrant area. Postsurgical examinations were
performed approximately every 6 months using clinical
evaluation, assessment of seizure outcome, MRI, EEG, and
neuropsychological batteries for all patients. We evaluated
the seizure outcome, change of psychomotor development
related to PQT in this study.

The posterior quadrantectomy surgical procedure

The patient’s head was fixed on a horseshoe-shaped head-
rest 45 degrees rotation to the opposite side of the craniot-
omy. We used a neuronavigation system (Stealth station
navigation system cranial application version 5; Medtronic,
(Minneapolis, MN, U.S.A.) for this surgery. Before the skin
incision, we simulated and decided on the disconnection
line over the scalp using the neuronavigation system. Subse-
quently based on that we designed the craniotomy and the
curvilinear scalp incision to expose adequate surgical field
(Fig. 2).

After the craniotomy, we began with opening of the syl-
vian fissure. Because the temporal lobe is atrophic in almost
all patients with SWS whose leptomeningeal angioma dis-
tributes in the posterior quadrant, the sylvian fissure is rela-
tively easy to dissect. Widening the sylvian fissure provided
adequate surgical field around the insular cortex and circu-
lar sulcus without brain retraction. The landmarks at this
stage were the entire course of the circular sulcus, limen ins-
ulae, and M2 and M3 portions of the middle cerebral artery.
Preservation of arteries and veins was preferable to reduce
some not clearly predictable complications, such as postop-
erative temporal lobe swelling. The resection of cortex at
the circular sulcus and white matter in the temporal stem
was carried out and continued to the inferior horn of the lat-
eral ventricle. Pes hippocampi and amygdala could be
clearly observed at this stage. Subsequently, the amygdala
was resected, and the uncinate fascicule was divided to dis-
connect anterior temporal lobe from frontal lobe. Discon-
nection of the temporal stem was continued to the posterior
end of the circular sulcus, and the entire hippocampus from
head to tail was exposed at this stage (Fig. 3).

Next, the direction of disconnection ascended to the pari-
etal lobe. The line of disconnection of the parietal lobe was
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Figure 2.

Scalp incision. A curvilinear scalp incision is designed using the neu-
ronavigation system as tracing over the supposed disconnection
line. Craniotomy should be planned to obtain an adequate surgical
field. Red line shows scalp incision, and black lines are margins of
the free bone flap.

Epilepsia © ILAE

Figure 3.

Dissection of sylvian fissure. The key procedure of PQT is wide
dissection of the sylvian fissure. Adequate surgical field can be
obtained for exposure of limen insulae, circular sulcus, and
branches of middle cerebral artery through the sylvian fissure.
Temporal lobe disconnection can be accomplished from the
circular sulcus to the inferior horn of lateral ventricle.

Epilepsia © ILAE

confirmed using neuronavigation. Central sulcus localiza-
tion could be obtained by navigation and somatosensory
evoked potentials. Disconnection at the distal end of circular

' Poster:ioerqadrante,c'tomy for SWS

sulcus was extended to operculum and convexity of the
parietal lobe. Medial landmarks of this longitudinal
disconnection were the choroid plexus and the falx. The
splenium of corpus callosum was seen between the choroid
plexus at trigonum and the falx. The commissural fibers
through the splenium of corpus callosum should be divided
at this stage. The vein of Galen and the velum interpositum
under the divided splenium could be visualized through the
arachnoid membrane just before completion of the posterior
callosotomy. The distal fimbria was visible between the dis-
connected splenium and choroid plexus, and there they were
divided to disconnect hippocampus. As a whole, the limbic
network was deafferented by disconnecting fimbria and in-
terfornicial commissure at this point, without hippocampec-
tomy. Arachnoid membrane of the ambient cistern had to be
completely exposed to guarantee the limbic disconnection.
Surgical scheme and postsurgical MRI are presented in Fig-
ure 4.

The free bone flap was fixed back using absorbable
plates. We did not insert any drainage tubes in ventricular,
epidural, or subcutaneous spaces for this surgery.

Seizure and psychomotor developmental evaluation

Assessments of seizure outcome, clinical neurologic con-
dition, MRI, and EEG were undertaken every 6 months
after surgery. Seizure outcome was evaluated as seizure-
free or residual seizures 24 month after the PQT. All
patients continued the antiepileptic drugs after surgery at
presurgical prescription and dosage for the same period.

The neuropsychological evaluations were performed
using the Bayley Scales of Infant Development I (BSID-II)
in Japanese translation.'®!'! These evaluations were done
every 6 months after surgery for all patients younger than 4
years of age. One patient operated at the age of 8 was
excluded in the neuropsychological evaluation using the
BSID-II. We compared the preoperative results of mental
developmental index (MDI) and psychomotor developmen-
tal index (PDI) in BSID-II to those 6 and 12 months after the
PQT, respectively.

The BSID-II data were analyzed using SPSS version 18
for Windows (IBM SPSS, IBM Japan, Chuo-ku, Tokyo,
Japan). Repeated measures analysis of variance (ANOVA)
was performed to investigate the changes after the PQT on
MDI and PDI, respectively. On analysis for MDI, because
these data were satisfying for sphericity, we analyzed them
using Mauchly’s test of sphericity. On analysis for PDI,
because these data were violating sphericity, we applied
Greenhouse-Geisser test and Huynh-Feldt test. A
p-value < 0.05 was considered statistically significant.

REsuLTs

Seizure and neurologic outcome
Eight of 10 patients resulted seizure-free after surgery.
Two patients were initially seizure-free; however, their sei-

Epilepsia, 55(5):683-689, 2014
doi: 10.1111/epi.12547
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zures recurred 3—6 months after surgery. Seizure recurrence
in one of these patients had the same semiology and fre-
quency as those of presurgery, whereas in the other they
changed from dyscognitive to focal facial motor type. We
concluded that an incomplete disconnection was done in the
first case, and revised the PQT again at a second surgery. An
uncompletely disconnected region was high in the parietal
lobe convexity. This patient became seizure-free after the
second surgery. For the second patient, we found other epi-
leptic foci with the leptomeningeal angioma in the left insu-
lar cortex and frontal operculum that we had not found out
at the initial neuroimaging evaluation. We added cortical
resection for those regions at the second surgery, although
his seizures continued even after that.

Seven of the 10 patients had leptomeningeal angioma
within the posterior quadrant. Three patients had the angi-
oma extending also to the frontal lobe. One patient had the
leptomeningeal angioma in the insular and frontal opercu-
lum, and two patients had it in the motor cortex. A patient
who had the leptomeningeal angioma in the insular and
frontal operculum was already presented earlier. Two
patients who had angioma in the motor cortex underwent
additional cortical resections to the PQT. Those patients had
postoperative hemiparesis. Their seizures were completely
controlled but they needed rehabilitation, and finally their
motor weakness recovered completely. We did not have any
patients with speech disturbance after PQT, even after left
posterior quadrant involvement. Hydrocephalus or superfi-
cial hemosiderosis were not observed in this series.

Psychomotor development

Impairment of the MDI and PDI in the BISD-II were
observed in the patients with intractable seizures before sur-
gery. Average MDI and PDI before surgery were 64.8 and

Epilepsia, 55(5):683-689, 2014
doi: 10.1111/epi.12547

Figure 4.

Scheme of the PQT and postsurgical
MRL (A) The scheme presents the
disconnection line of PQT. Pink zone
represents the posterior
callosotomy, and red area means
disconnection of distal fimbria and
hippocampal tail. See the detail in the
Methods section. (B) Axial image of
MRlin post-PQT. (C) Sagittal image
of MRIin post-PQT.

Epilepsia © ILAE

71.6, respectively. Average MDIs at 6 and 12 months after
PQT were 80.5 and 84.5, respectively. Average PDIs at the
same points of time were 87.3 and 86.4, respectively. We
confirmed statistically significant improvements of MDI
and PDI after PQT in patients who became seizure-free after
surgery (Fig. 5). Dramatic catch up of psychomotor devel-
opment appeared within the first 6 months and gradually
continued after that. We had two cases with residual sei-
zures, and they did not improve their developmental scores
(Fig. 5).

DiscussIiON

Our surgical indications for PQT in SWS were the follow-
ing: well-localized leptomeningeal angioma in the posterior
quadrant, confirmation of seizures originating from the
same area from video—scalp EEG monitoring, and develop-
mental delay. Sometimes, we experienced patients with
SWS, who had progressive developmental deterioration
without any detectable seizures or interictal epileptic dis-
charges.'*!® As we reported previously, progressive psy-
chomotor deterioration could be a sole clue for having
subclinical seizures in patients with SWS.'* We considered
indicated invasive EEG monitoring for patients with pro-
gressive developmental delay but undetectable clinical sei-
zures in this study, and found several subclinical seizures.
Relative findings leading to surgical decision are progres-
sive atrophy and transient increase of glucose metabolism in
the affected cerebral cortex on fluorodeoxyglucose—posi-
tron emission tomography (FDG-PET) study. Transient hy-
permetabolism within the affected area in SWS is known as
a finding in recent seizures.'>”!” Therefore, we accept the
transient hypermetabolism on FDG-PET study as a relative
indication for epilepsy surgery. As a rule, surgical indica-
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Figure 5.
Mental Developmental Index (MDI) 80 1 ¥
and Psychomotor Developmental
Index (PDI) in the Bayley Scales of 7 ]
Infant Development II (BSID-i). :
Average MDI and PDI before the ®7 “]
surgery were 64.8and 71.6, A s C =
respectively. (A) MDls at 6 and 12 Before Surgery  6Mafter Surgery  12M after Surgery Before Surgery  6M after Surgery  12M after Surgery
montbhs after the PQT in the seizure- epl POl
free patients were 80.5 and 84.5, 100 100 1
respectively (p < 0.01). (B) PDIs at
those points were 87.3 and 86 .4, 90 90
respectively (p < 0.05). (C, D) Two
patients with residual seizures 80 80 1
continued deteriorating both in MDI
and PDl even after the PQT. 71 »
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tions should be decided from the findings of a comprehen-
sive set of tests and examinations.

Our PQT procedure has much in common with the tech-
nique described by Daniel et al.,? but differs in the use of
neuronavigation system, smaller craniotomy, and wide
opening of the sylvian fissure. Our PQT is suitable for the
case having temporal lobe atrophy. In cases with atrophy, it
is easier to dissect the sylvian fissure and preserve vessels.
The surgeon needs sufficient surgical field only around the
sylvian fissure and the disconnection line of the parietal
lobe. Short distance disconnection of the temporal stem
from the circular sulcus exposing the inferior ventricular
horn gives us certain surgical orientation. In SWS there are
poorly developed sylvian veins and atrophic temporal lobe;
therefore, SWS is anatomically appropriate for our modified
PQT. The relatively limited surgical field in our modified
PQT technique reduces surgical invasiveness and shortens
surgical time. Our modified PQT can be used also for cases
without atrophy; however, sylvian fissure dissection may
require a larger technical effort because of the narrow space.
The standard PQT might be a better choice in some of these
cases.

Surgical outcome following multilobar surgery is gener-
ally accepted as worse than that of a single lobar resection. 18
Koszewski et al.'® reported on a cohort of 93 patients with
multilobar resection, and obtained Engel class I classifica-
tion in 53% of them. In the series of Daniel et al.,> where
they focused on surgery of the posterior quadrant, Engel
class I outcome was 92% without any mortality or signifi-
cant morbidity. They emphasized that completeness of
removal or disconnection was essential for good surgical

outcome. Although in some cases, such as cortical dyspla-
sia, it is difficult to demarcate the margin of epileptic areas,
the epileptic zone of SWS is almost equal to the distribution
of the leptomeningeal angioma. Therefore, the surgeon
should completely disconnect or remove cortex under the
leptomeningeal angioma in SWS to obtain good surgical
outcome.?%?! In our series, patients in whom we could dis-
connect and/or remove the regions under the angioma
became seizure-free. Hence, the most important factor for
successful surgery in SWS is to delineate the margin of the
leptomeningeal angioma on MRI. Postsurgical evaluation
using MRI is mandatory to confirm the completeness of the
surgery. We had two cases with residual seizures in this ser-
ies and found that their angiomatous areas were not com-
pletely disconnected or eliminated. Since their seizures
recurred within 6 months after surgery, we should accept
the incompleteness of the initial surgical management
within this period.

We had two patients whose leptomeningeal angioma
distributed to the motor cortex, beyond the margins of the
distinct posterior quadrant. Reorganization of motor func-
tion after epilepsy surgery has been already reported.zz’23
Functional recovery after motor cortex injuries was studied
mainly in experimental models in animals, and functional
imaging studies in humans.?*~*® The primary motor cortex
in younger subjects is usually recovered better than the non-
primary motor area in adults.?’ Areas that can compensate
for motor function are reported in the premotor cortex, sup-
plementary motor area, and parietal lobe in the affected
hemisphere, and the contralateral hemisphere.*>**7! In
order to compensate the motor function, only cortex

Epilepsia, 55(5):683-689, 2014
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removal and not beyond, particularly not interfering with
the descending corticospinal tract, is essential.”>** From
these findings, resection of only the primary motor cortex
with preserving underlining corticospinal tract in a young
child can compensate motor function even after initial
weakness. Therefore, in cases with a leptomeningeal angi-
oma distributed in and beyond the posterior quadrant to the
primary motor cortex, the surgeon should consider the PQT
complemented with additional motor cortex removal to
improve the surgical and developmental outcomes.

Speech function should be a concern, especially in domi-
nant hemisphere surgery. Surgery before the age of 5 is
favorable for speech recovery.*>** We did not have morbid-
ity related to speech function. Except for an 8-year-old girl
with left side involvement, all of our patients underwent sur-
gery before the age of 4 years, and that might have been the
reason for not having speech deficit. Speech function of our
patients might have been readapted through neural plasticity
after surgery, or even before that, as this is a congenital
lesion. Although we could not evaluate the language map-
ping in the 8-year-old patient because she did not cooperate
with the test, her speech function did not deteriorate after
the PQT. Some reports support reorganization of speech
areas even after the age of 8.>*® In children with progres-
sively deteriorating psychomotor development due to
intractable seizures, surgery aiming at psychomotor recov-
ery has to be considered even in those older than 5 years.
Lippe et al.*” reported that brain plasticity after parietooc-
cipital epilepsy surgery in young children allows for an
acceptable scholastic level of cognitive skills such as read-
ing and arithmetic. They also indicated that recovery of
visual perceptive cognition is limited compared to verbal
functions. Our patients after PQT have never complained
about problems with their contralateral visual field areas,
and their routine daily performance was as without having
visual field defect. Pediatric patients after occipital or pos-
terior quadrant resection or disconnection can compensate
their visual field defect by unintentional moving of their
eyes and/or head position. Because uncontrollable seizures
are the reason for their deteriorated cognition, early epilepsy
surgery for pediatric patients with posterior quadrant epilep-
tic involvement offers the possibility of optimizing cogni-
tive outcomes even at the expense of visual field defect.

Our PQT modification can achieve complete disconnec-
tion of the affected posterior quadrant through a small crani-
otomy and reduce the surgical invasiveness for patients with
atrophic temporal lobe such as in SWS. The use of a neuro-
navigation system is required for surgical planning and is
helpful for confirmation of complete disconnection during
surgery, even with adequate understanding of interlobar
connective anatomy. With seizure control as the main
objective, the results of use of our PQT method showed it to
be an effective technique to achieve it. Complete seizure
control after surgery improved psychomotor development.
Therefore, we can recommend this procedure for epileptic

Epilepsia, 55(5):683-689, 2014
doi: 10.1111/epi.12547

children with partial type of SWS involving mainly the pos-
terior quadrant.
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Genotype—phenotype correlations in

alternating hemiplegia of childhood

ABSTRACT

Objective: Clinical severity of alternating hemiplegia of childhood (AHC) is extremely variable. To
investigate genotype-phenotype correlations in AHC, we analyzed the clinical information and
ATP1A3 mutations in patients with AHC.

Methods: Thirty-five Japanese patients who were clinically diagnosed with AHC participated in
this study. ATP1A3 mutations were analyzed using Sanger sequencing. Detailed clinical infor-
mation was collected from family members of patients with AHC and clinicians responsible for
their care.

Results: Gene analysis revealed 33 patients with de novo heterozygous missense mutations of
ATP1A3: Glu815Lys in 12 cases (36%), Asp801Asn in 10 cases (30%), and other missense
mutations in 11 cases. Clinical information was compared among the Glu815Lys, Asp801Asn,
and other mutation groups. Statistical analysis revealed significant differences in the history of
neonatal onset, gross motor level, status epilepticus, and respiratory paralysis in the Glu815Lys
group compared with the other groups. In addition, 8 patients who did not receive flunarizine had
severe motor deteriorations.

Conclusions: The Glu815Lys genotype appears to be associated with the most severe AHC phe-
notype. Although AHC is not generally seen as a progressive disorder, it should be considered a
disorder that deteriorates abruptly or in a stepwise fashion, particularly in patients with the
GluB15Lys mutation. Neurclogy® 201 4;82:482-490

GLOSSARY
AHC = alternating hemiplegia of childhood; DYT12 = rapid-onset dystonia-parkinsonism.

Alternating hemiplegia of childhood (AHC) is a rare neurodevelopmental disorder characterized by
recurrent flaccid or dystonic types of hemiplegic episodes lasting from several minutes to several days,
abnormal ocular movements, involuntary movements, hypotonia, and seizures beginning in the
infantile period (before 18 months of age).” Most patients have a sporadic form of the disorder,
and routine laboratory and neuroimaging examinations do not show any specific abnormal findings.

ATPIA2 gene mutations have been reported as the cause of AHC in atypical familial cases.’
However, these are rare. In 2012, 3 different research groups independently revealed that muta-
tions of the sodium—potassium (Na*/K*)-ATPase a3 subunit gene (A7PIA3) cause AHC.*®
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ATPIA3 mutations have also been reported in
rapid-onset dystonia—parkinsonism (DYT12).>'°
Although the onset and clinical courses of these
disorders are different, AHC and DYT12 may
constitute a continuum of disorder;>®'" there-
fore, there should be a variety of phenotypes of
ATPI1A3-related movement disorders.

Even in AHC alone, there are remarkable
clinical variations among individuals.”*'® Onset
time, motor development levels, and cognition
deficit levels differ considerably among individu-
als. Investigations among large populations in
Europe and the United States have provided evi-
dence of a nonprogressive course of AHC3'4">
However, some degree of motor or intellectual
deterioration has been observed in some patients
with AHC.">'¢" Patients with early onset tend
to have a severe clinical course.'® We are unaware
of the reason behind this clinical diversity in
AHC. The position of the point mutations in
ATPIA3 and treatment methods used could be
key factors.

METHODS Patients. Standard protocol approvals, registra-
tions, and patient consents. Patients with AHC were recruited
through the Japanese AHC Family Association. Thirty-four pa-
tients (8 female and 26 male) who were clinically diagnosed with
AHC according to clinical diagnostic criteria’™ participated in the
study with ages ranging from 1 year 4 months to 43 years. Another
male patient who did not fulfill the criteria (onset at 2 years of age)
was also enrolled in the study. All patients had sporadic AHC. Most
of the parents participated in the study.

Ethics statement. This study was approved by the Ethics Review
Committee of Fukuoka University. The parents of the patients
provided informed consent before the start of the study.

Table 1

16

17
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ATP1A3 mutations and protein modifications in patients with
alternating hemiplegia of childhood

410 C>A

2263 G>T

2401 G>A -

2767 G>A

2839 G>C

2264 G>C

Serl37Tyr(S137Y) 1

{ o4

Gly947Arg (G947R) 1
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We collected detailed clinical information regarding the onset
time of the initial symptoms, frequency and type (flaccid or dys-
tonic) of recurrent hemiplegic attacks, frequency of seizures, expe-
rience of status epilepticus and respiratory paralysis, involuntary
movements, developmental history, level of gross motor develop-
ment, and cognitive function in the intermittent period between
recurrent hemiplegic attacks and flunarizine usage (particularly
age at initiation, dose, continuation, and age at which drug was
stopped if appropriate) from the parents of patients with AHC
and clinicians (primarily pediatric neurologists) responsible for
their care through an intake form. All participants except one
boy (onset at 2 years of age) were confirmed to fulfill the AHC
criteria and were subsequently screened for A7P1A43 mutations.

Mutation analysis. Sanger sequencing was performed to analyze ge-
nomes of the patients and their parents. Genomic DNA was prepared
from EDTA-Na,-containing blood samples using a QIAamp DNA
Blood Maxi Kit (Qiagen, Hilden, Germany) according to the protocol
provided by the manufacturer. All of the exons and intron—exon
boundaries of A7PIA3 were amplified by PCR using the designed
PCR primers. The primer sequences and PCR conditions are available
upon request. PCR products were purified in ExoSAP-IT for PCR
Product Clean-Up (Affymetrix, Santa Clara, CA) with 1 cycle of
15 minutes at 37°C and another of 15 minutes at 80°C. The
purified PCR products were sequenced using the ABI PRISM
BigDye 3.1 terminator method (Applied Biosystems, Foster City,
CA) and an ABI PRISM® 3100 Genetic Analyzer (Applied
Biosystems). We also recruited 96 unrelated healthy Japanese
volunteers who were free of seizures or without any history of
epilepsy as a control group.

Before the present study, we attempted to identify the genes
responsible for AHC by whole-exome sequencing analysis (using
a new generation sequencer) of 8 Japanese patients with AHC
who were clinically diagnosed with typical AHC. This previous
study revealed heterozygous missense mutations in A7PIA3 in
all of the 8 patients studied.® Subsequently, we continued our
ATPIA3 analyses using Sanger sequencing of 35 Japanese pa-
tents with AHC (including the 8 patients).

Evaluation of clinical information and statistical analysis.
We compared the relationship between the point mutations in
ATPIA3 and clinical information. All the data analyses were
performed using the SAS software package (version 9.2; SAS
Institute Inc., Cary, NC). Frequency distributions of the pheno-
types were evaluated using Fisher exact test.

RESULTS Gene mutations. A heterozygous missense
mutation in ATPIA3 was confirmed in 33 of the 35
patients by Sanger sequencing. Thirty-three (7 female
and 26 male) of the 35 patients were observed to have
a heterozygous missense mutation. The rate of generic
mutation was as high as 94%. None of the parents
showed any ATPIA3 mutations. All mutations were
thus confirmed as de novo mutations. Of the 33
patients with ATPIA3 mutations, 12 (36%) had a
c2443 G>A, p.Glu815Lys (E815K) mutation; 10
patients (30%) had a ¢.2401 G>A, p.Asp801Asn
(D801IN) mutation; 2 patients (7%) had a c.2780
G>T, Cys927Phe (C927F) mutation; and the
remaining 9 patients had other mutations. There were
3 Gly755 mutatons: ¢2263 G>T, p.Gly755Cys
(G755C); 2263 G>A, p.Gly755Ser (G755S); and
¢.2264 G>C, p.Gly755Ala (G755A) (table 1).
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The patient who experienced disease onser at age 2

bad an Asp923Asn (ID923N) mutation.

Clinical features. We divided the patents into 3 groups
based on the ATPIA3 mutations. Group 1 included
patients with an E815K mutation (12 cases), group 2
those with a D801N mutation (10 cases), and group 3

those with other mutations (11 cases). The clinical infor-
mation from all of the patients (table 2 and table 3) was
compared among these groups. Distince differences in
several of the items were observed in group 1 compared
with the other groups (table 4).

In group 1 (E815K mutation), the onset time of
abnormal ocular movements or seizures was during

[ Table 2 First symptoms of onset and development in each patient

S First
o hemlplaglc
. attack

: Unassisted,_;' e
walk

' ‘Stand with
_-support

ATPIAS |
mutation

Onéét 'tfrﬁes# a"kndk ’§§kﬁpfdms v Sntt

Ag'e, Y. Sef(' ,Haad control

33 F E815K 2 d abnormal eye movements 1y, 0mo 2y, 0mo 2y, 6mo 3y,0mo Impossible

Impossible

14

E815K 1 mo; abnormal eye movements, 5 mo 7 mo

convulsion

1y, 0mo 1y, 68mo

EBiSK 'k 17 d abnormal eye movements oA k 7 mo . : 9 m'o/:’: 2y,2mo - lmposstb!e -

E815K 1y, 6 mo

5 mo

1y, 10 mo

2y, 6 mo

Impossible

M ff;f81V5Ki' e 33’m°~iﬁ° il g‘f@ o 1y,0mof o

Impossible

10 mo

1 d; abnormal eye movements,
convulsron

E815K 2y 3y, 6mo

E815K iﬁ normal eye movements L "723"/, 6mo 3y,3mo 3 o ;,lﬁibyossi,ble:
E815K

0d; abnorma( eye movements, Impossible

convulsion
| EsisK
E815K

1y,10mo

0 d,abnormaleyemovements 5 Tai 1y, Omo 1 Y::,B mo }mpéssjb(é f S

1 d; convulsion

Impossible

| EBISK sble

10 mo; dystonlc hemapleg|a No record 3y 5y

10 mo

I 3 mo, flaccsd paralysus 3mo No record By, 5 rﬁo lmbossible~:‘

1 mo; abnormal eye movements 9 mo 11 mo 5y lmposs1ble

o ﬁi d convulSIOn 5 4m0 o "[":le:‘QkaOf Liey 3 mo_’-’ 3y, 6 mo

'z z gm o=

2 mo; convu!smn 2 mo 12 mo Impossible

- dwmo 2y  Impossible

3 y, 10 mo

) lmpossnble

4y,1mo

5 mo; abnormal ocular movements, 1y, O mo
seizure

Impossible

No record

2y, G947R 2 d; seizure- 8 mo N6 record 8 mo
8 mo

2y, 8 mo Impossible
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( Table 3 Details of clinical symptoms in each patient 1

Not used +At6 y: s‘t‘and—?bedridden; fever Profound Flaccid, continuous

G-1-03 No : Words + Flaccid 10 +

Discontinued Profound Flaccid, continuous
at3y

Severe

Severe

Discontinued Noat 16 y: long-lasting left : Sentence
atl16y hemidystonia BT

Sentence

G-2-05 - Discontinued No Sentence + - Flaccid 3 -
atSy : ) ‘

Discontinued
at3y -

Dlscontinﬁed + At'17y: stand —bedridden;

atl6y status epilepticus

G-3-03  Discontinued + At 13 y: run—walk; unknown Sentence. .+ Flaccid 5, dystonic2  —
at12y : ;

No™. "o - : Sentence . + Flaccid 2 +

Discontinued + At 12 y: stand — bedridden; ) Profound - + Flaccid, continuous + RC, T TC
at5y status epilepticus : J

G-3-09 5mg No : Sentence  * — : Dystonic 10 -

G311 5mg : No o Words - . Flaccid 2, dystonic 2 - -

Abbreviations: B = before; C = continue; R = respirator; T = tracheostomy.
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[' Table 4 Comparison between group 1 vs group 2, group 3, and groups 2 + 3

Neonatal onset

Prolonged severe motor
deterioration

12 (100)

Status epilepticus 5 (45,5)

Respiratory paralysis  12(100)  3(30)  5(455)
Respirator care 5(41.7) 0(0) 3(27.3)
 Tubefeedng  5@17) 100 o1 2uen

Group 1: E815K mutation; group 2: DBO1N mutation; group 3: other mutations.
2 Statistically significant (p < 0.01) (Fisher exact test).
b Statistically significant (p < 0.05) (Fisher exact test).

the neonatal period (less than 7 days after birth) in 11
of the 12 patients. The first symprom was observed in
the last patient at 1 month of age. All patients showed
very slow early development. None of the patients
was able to control head movements before 6 months
of age. Three patients did not develop head control at
all, although they could all roll over during the inter-
ictal period.

The peak motor development was identified as
“standing with support” in 7 patients. None of the
patients in group 1 could walk independently, even
in the interictal period between recurrent hemiplegic
attacks (figure, A). All 12 patients experienced both
status epilepticus and respiratory paralysis, and most
had visited emergency rooms of hospitals. Five partients
experienced a permanent severe motor deterioration
from sitting or standing with support to becoming
bedridden in childhood. All 5 patients experienced this
severe deterioration: the condition of 3 patients deteri-
orated because of status epilepticus and that of the
remaining 2 patients deteriorated because of recurrent
fever. Four of these patients were immediately treated
by the emergency hospitals using mechanical respira-
tory care. Thereafter, 2 patients were placed under all-
day respiratory care. In these 5 patients, only mild brain
atrophy or mild cerebellar atrophy was revealed by
brain MRI. Tube feeding was required in 4 patients.
Out of the 5 patients in whom severe deterioration was
observed, 4 had discontinued flunarizine before the
severe deterioration occurred and the remaining patient
was not administered flunarizine.

In group 2 (D801N mutation), the onset time was
during the neonatal period in only 2 of the 10 patients.
Patients in this group were characterized by slower than
normal early development, but all patients were able to
control their head movements by 6 months of age. Seven
patients could walk independently in the interictal period

486 Neurology 82 February 11, 2014

3{14.2)

between hemiplegic attacks (figure, B). Three patients
experienced several episodes of hemidystonia lasting for
several weeks to a few months. None of the patients
showed severe motor deterioration. All 10 patients were
treated with flunarizine. Four patients had discontinued
flunarizine more than 10 years previously, but they
showed no severe motor deterioration.

In group 3 (other mutations), the onset time
was during the neonatal period in only 2 of the 11
patients. Most patients in this group showed slight
delays in early development, and 7 of the 11 patients
were able to walk unassisted in the interictal period
between recurrent hemiplegic attacks. Six of these 7
patients had no obvious signs of motor deteriora-
tion. However, 3 patients who could stand with
support abruptly experienced a severe motor deteri-
oration in their teens (figure, C). All 11 patients
were treated with flunarizine, and 3 of the 5 patients
who discontinued flunarizine treatment showed perma-
nent severe deterioration after status epilepticus; these 3
patients had the following A7PI1A3 mutations: S137Y,
G755A, and G7558.

Severe motor deterioration after status epilepticus
or fever during childhood was observed in 5 of the 12
patients with an E815K mutation and 3 of the 11 pa-
tients with other mutations.

Regarding flunarizine usage, 31 of the 33 patients
with A7P1A3 mutations were administered flunarizine,
and this was discontinued in 13 patients. Seven of the 13
patients who discontinued flunarizine experienced either
an abrupt or stepwise severe motor deterioration. In
addition, 8 patients with severe motor deterioration
had not been administered flunarizine during the period
of deterioration. No patient who continued flunarizine
showed severe motor deterioration.

The patient with the D923N mutation showed
normal motor development.

s
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Statistical analysis. Statistical analyses revealed signifi-
cant differences between group 1 and the other groups
in terms of neonatal onset, unassisted walking, severe
cognitive deficit, and history of status epilepticus and
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respiratory paralysis (table 4). Group 1 was shown to
have a more severe phenotype than the other groups.

DISCUSSION Similar to patients in Europe and the
United States, ATP1A3 genetic analysis revealed that
E815K (36%) and D80IN (30%) mutations are
common in Japanese patients with AHC. Reasons
for male/female ratio deviation in this study were
unclear. Because a male bias is not typical of AHC,
it is possible that some female patients may have not
yet been diagnosed in Japan.

We observed that the E815K mutation group had
more severe symptoms than the other mutation groups
with respect to 1) onset time of the first symptoms, 2)
unassisted walking, 3) cognitive deficit, 4) status epilep-
ticus, and 5) respiratory paralysis. Although the num-
ber of participants was relatively small, this study
demonstrated that the E815K mutation was associated
with the most severe AHC phenotype. The D80IN
mutation possibly results in a moderate to mild form
of AHC. Some other mutations, such as G755A,
G7558S, and S137Y, may also result in a severe pheno-
type, but the rest of “other mutations” identified in this
study could result in a relatively mild phenotype. The
reason why the early-onset group tended to show a
more severe clinical course'® could be partly explained
by the findings of this study.

Previous studies have not been able to establish any
genotype—phenotype correlations in patients with
AHC.%” However, one study of 24 patients reported
a tendency for AHC patients with an E815K mutation
to have a more severe subtype than those with a
D801IN mutation because 1) only 2 of the 7 patients
with an E815K mutation had a peak motor function of
“walking unassisted” compared with 8 of the 9 patients
with a D801N mutation, 2) progression of nonparox-
ysmal features was seen in 4 of the 7 patients with an
E815K mutation but only in 1 of the 9 patients with a
D801N mutation, and 3) muscular hypotonia was seen
in all 7 patients with an E815K mutation but only in 5
of the 9 patients with a D80IN mutation.” These find-
ings support our observation that the E815K mutation
results in a more severe AHC phenotype. However, a
larger study of 82 patients demonstrated no genotype—
phenotype correlations in AHC.® Our positive findings
may thus be because of our relatively small sample size.

Severe deterioration or sudden death have long been
associated with AHC.'41617 Permanent loss of function
has sometimes been reported after a severe episode,
which is a major concern for many families.'”” However,
it has been suggested that AHC is probably not an
intrinsically progressive disease, but one that can
show stepwise deterioration with severe episodes
in some patients.” Several studies have reported that
some children with AHC may require intensive care
for breathing problems associated with whole-body
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attacks and severe seizures, which are the main life-
threatening symptoms associated with AHC.'" A
report from a large European study also mentioned
7 deaths due to severe plegic attacks or epileptic seiz-
ures." These reports confirm that some patients with
AHC have a severe clinical course. In our study, 8 of
the 33 padents with AHC experienced stepwise or
abrupt permanent severe motor deterioration, and
none of these 8 patients showed any sign of recovery.
Fever or status epilepticus could be a factor in this
severe deterioration.

We investigated the severe motor deterioration in
patients with AHC. We suspect that a genetic factor
could be related to severe deterioration. Although
severe motor deterioration was not observed among
patients with the D80IN mutation, it was observed
in 5 of the 12 patients with an E815K muration
and 3 of the 11 patients with other specific mutations.
We should be aware of the possibility of severe motor
deterioration in patients, particularly among those
with E815K and G755A/S mutations.

Previous studies have shown that patients with
carly-onset AHC fared the poorest in terms of devel-
opment.’>’® One reason for the correlation with
early-onset and poor development could be that the
E815K mutation is associated with a severe pheno-
type of AHC.

Patients with AHC who experience severe deteri-
oration do not recover, which is similar to the out-
come for patients with DYT12 who experience
fixed dystonic symptoms. The difference in clinical
symptoms between patients with AHC and DYT12
is probably because of differences in the position of
the ATPIA3 mutations or amino acid sequence
changes, which could influence the structure, func-
tion, and protein expression of the Na*/K*-ATPase
transporting pump. Mutations in ATPIA3 can be
clearly differentiated for AHC and DYT12,%'¢ but
they could be viewed as an allelic disorder or as dif-
ferent aspects on a continuum of a single disease.'! It
is not yet clear why these 2 disorders are clinically
different. AHC may be a severe manifestation,
whereas DYT12 may be a milder type. Differences
in ATP1A3 mutations influence the function of Na*/
K*-ATPase, and an intermediate phenotype must
exist. The D923N mutation, which has already been
reported as causing DYT12,'®" could be a mild form
of AHC. In our study, the G-3-09 patient who had a
D923N mutation showed later onset, normal cogni-
tive function, frequent dystonia, and dysarthria. This
patient could have an intermediate form of the disor-
der between AHC and DYT12.20-%!

Most causative ATP1A3 mutations lie within con-
served domains or in the transmembrane region of
the Na*/K*-ATPase enzyme protein.®® The amount
of the enzyme remains stable, but enzyme activity is
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reduced with both E815K and D801N mutations.® At a
molecular level, the reason for the E815K mutation caus-
ing more severe symptoms is unclear.”?® E815K and
G755A/S mutations could be responsible for the more
severe subtypes of AHC because both E815 and G755
are predicted to be located in the cytoplasmic domains
adjacent to the membrane.® The reason for the G755A/S
mutations resulting in a more severe phenotype than the
G755C murtation may be explained by the same molec-
ular mechanism responsible for the relationship berween
D801Y in DYT12 and D801IN in AHC. Further inves-
tigations of the function of Na*/K*"-ATPase harboring
ATPIA3 murations causing AHC or DYT12 should be
performed to elucidate the mechanism of these disorders
and develop proper treacments.

In patients with AHC, flunarizine administration is
recommended,”® because it has been reported to be effec-
tive in reducing the frequency and intensity of plegic
attacks.***” However, it is not known whether flunari-
zine protects patients with AHC from manifestations of
permanent severe motor deterioration. In this study, flu-
narizine may have had a protective effect on severe motor
deterioration. The genotype could also affect the decline
in motor function on flunarizine discontinuation.
Although the mechanism of flunarizine efficacy is not
fully understood, it blocks calcium and sodium currents
in cultured rat cortical neurons.*® Flunarizine had been
discontinued in some patients because 1) it had not been
shown to reduce the frequency or duration of recurrent
flaccid types of hemiplegic attacks, or 2) approval for
flunarizine was withdrawn in Japan by the Ministry of
Health and Welfare in 1999.% Since then, it has not
been possible to prescribe flunarizine in Japan. There-
fore, families of patients with AHC have to import flu-
narizine from foreign countries. None of the patients
with severe deteriorations recovered even when flunari-
zine was readministered after their collapse. It is uncer-
tain whether these patents would have experienced
severe deterioration if they had continued flunarizine
therapy.

Although there is no gold standard treatment for pa-
dents with AHC, extensive care, e.g., administration of
flunarizine, anticonvulsants, immediate treatments for
status epilepticus or apnea attacks, is essential. This is even
more important for patients with substantial severe motor
deterioration who have E815K and other mutations and
have discontinued flunarizine therapy. We recommend
that all patients with AHC, regardless of genotype, should
not discontinue flunarizine administration even if this
does not show any obvious short-term effectiveness
against recurrent hemiplegic attacks. Because the number
of patients with AHC in this study was small, a global
prospective study with a larger population is necessary
to confirm the protective effect of flunarizine.

In this study, we observed that the E815K geno-
type appears to be associated with the most severe
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AHC phenotype. Although AHC is not generally seen as
a progressive disorder, it should be considered a disorder
that can be associated with abrupt or stepwise severe
deterioration, particularly among patients with an

E815K mutation. Genotype—phenotype correlations in
AHC should be further explored in a global study.
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Earlier tachycardia onset in right than left
mesial temporal lobe seizures

ABSTRACT

Objective: To clarify whether the presence and timing of peri-ictal heart rate (HR) change is a sei-
zure lateralizing sign in patients with mesial temporal lobe epilepsy (mTLE).

Methods: Long-term video EEGs were retrospectively reviewed in 21 patients, 7 men and 14
women aged 13 to 67 years, diagnosed as mTLE with MRI lesions in the mesial temporal struc-
tures (hippocampal sclerosis in 20 cases, amygdala hypertrophy in 1 case). Seventy-seven partial
seizures without secondary generalization were extracted. Peri-ictal HR change was compared
between 29 right seizures (9 patients) and 48 left seizures (1.2 patients).

Results: HR abruptly increased in all 29 right seizures and 42 of 48 left seizures. Onset time of
HR increase in relation to ictal EEG onset was significantly earlier in right seizures than in left
seizures (mean = SD, —11.5 + 14.8 vs 8.2 + 21.7 seconds; p < 0.0001). Time of maximum
HR was also significantly earlier in right seizures than in left seizures (36.0 = 18.1 vs 58.0 +
28.7 seconds; p < 0.0001). Maximum HR changes from baseline showed no significant differ-
ence between right and left seizures (47.5 = 19.1 vs 40.8 = 20.0/min).

Conclusions: Significantly earlier tachycardia in right than left mTLE seizures supports previous
hypotheses that the right cerebral hemisphere is dominant in the sympathetic network. No HR
change, or delayed tachycardia possibly due to seizure propagation to the right hemisphere,
may be a useful lateralizing sign of left mTLE seizures. Neurology® 2014;83:1332-1336

GLOSSARY
Cl = confidence interval; HR = heart rate; mTLE = mesial temporal lobe epilepsy.

Tachycardia is known to frequently precede ictal EEG changes in patients with mesial temporal
lobe epilepsy (mTLE)." The mesial temporal structures have an important role in the central
autonomic network.* However, conflicting reports have shown that hemispheric seizures on the
right cause tachycardia more frequently than on the left>>®; that hemispheric seizures on the left
are occasionally but more often accompanied by bradycardia’; and that no clear differences are
found between right and left seizures."®"'" These controversial results might reflect variation in
the seizure types, location of epileptic foci, or etiologies among the subjects of these studies.®!
We hypothesized that ictal heart rate (HR) changes show significant differences between right
and left seizures. The present study evaluated patients with mTLE specifically with MRI evi-
dence of unilateral mesial temporal lesion to investigate whether the presence, timing, and
degree of ictal HR change are different between right and left seizures.

METHODS Patients and seizures. A rotal of 271 patients were recruited from the database of Tohoku University Hospital Epi-
lepsy Monitoring Unit, Sendai, Japan, who underwent long-term video EEG monitoring for 4 or 5 days and brain MRI between
September 2010 and December 2012. Inclusion criteria for this study were (1) partial seizures without secondary generalization,
(2) scalp EEG seizures arising from the unilateral anterior temporal region, (3) ictal ECG recording with identifiable QRS complex,
(4) MRI lesion in the mesial temporal structures ipsilateral to the ictal EEG onset, (5) no disease other than epilepsy, (6) no
neurologic deficit, and (7) no ECG abnormality during the interictal period. Twenty-one of the 271 patients, 7 men and 14
women aged 13 to 67 years, fulfilled these criteria. All patients were right-handed. A total of 77 seizures, consisting of 29 right and
48 left temporal seizures, were reviewed (table 1). MRI showed hippocampal sclerosis in 20 patients and amygdalar hypertrophy in

1 patient.

From the Departments of Epileptology (K.K., K.J., HL, Y.K,, N.N.), Neurosurgery (M.L.), and Neurology (K.K., M.A.), Tohoku University
Graduate School of Medicine, Sendai, Japan.
Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the artidle.
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Standard protocol approvals, registrations, and patient
consents. We received approval from the ethical standards com-
mittee on human experimentation of the institutional review
boards of Tohoku University School of Medicine. The clinical
trial number is 2012-1-568. Written informed consent was ob-
tained from all patients (or guardians of patients) participating
in the study.

EEG and ECG recording. Scalp EEG was performed using the
10-20 system with additional anterior temporal electrodes, simul-
taneous with ECG from lead I, CM5 lead, or NASA lead. The
data were recorded by the Nihon Kohden video EEG system
(Nihon Kohden, Tokyo, Japan) with a sampling rate of 500
Hz. A board-certified clinical neurophysiologist (K.J.), unaware
of the RR interval change, reviewed the ictal video EEG
recordings and determined the time of EEG seizure onsct.

Peri-ictal HR changes. Peri-ictal time-series of ECG RR
intervals were extracted by MemCalc/Win (PC software
developed by Suwa-Trast, Tokyo, Japan). HR was calculated
from the 5-second moving mean of RR. The time of EEG
seizure onset was defined as zero, and the time-series of HR
(/min) were examined from —100 to +300 seconds. Detection
of the “onset time of HR increase” adopted a similar method o
that described by van Elmpt et al.'> The median HRs within a
time window (20-second length) and an adjacent analysis time
window (10-second length) were compared to determine whether
the 2 medians differed by more than 5/min. “Time of maximum
HR” was defined as the time of the largest value in the time-series
of HR from 0 to 300 seconds. All video recordings of seizures
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were reviewed to check for the presence of any behavioral
manifestations before the onset time of HR increase.

MRI. All patients underwent 3-tesla MRI with either a
Magnetom Trio scanner (Siemens AG, Erlangen, Germany) or
an Intera Achieva scanner (Philips Healthcare, Best, the
Netherlands). The protocol consisted of axial T1-weighted,
T2-weighted, and fluid-attenuated inversion recovery imaging
(slice thickness, 7 mm), and coronal T2-weighted and fluid-
attenuated inversion recovery imaging (slice thickness, 3.8 mm).
Axial 3-dimensional T1-weighted imaging was also performed
(slice thickness, 1 mm).

Statistical analysis. Onset time of HR increase, time of maxi-
mum HR, and maximum HR changes from the baseline (mean
HR from —60 to 0 seconds) were compared berween right and
left temporal seizures. Statistical assessments were performed with
the F test, Welch £ test, and Student # test using JMP pro 10
software (SAS Institute, Cary, NC).

RESULTS Figure 1 shows typical examples of HR
change associated with right and left mTLE seizures.
All 29 right seizures were accompanied by abrupt HR
increase, which started before ictal EEG onset in 22 of
the 29 seizures (75.9%). In contrast, 42 of 48 left
seizures were accompanied by abrupt HR increase,
which started after ictal EEG onset in 31 of 42 seizures
(73.8%), and 6 were accompanied by no obvious HR
change. Before the tachycardia onset, none of these
patients had made body or limb movements extensive
enough to trigger HR increase. Sixteen seizures (7 right
and 9 left) showed aura and/or mild distal automatism
before the tachycardia onset, but were too small to cause
tachycardia. Twenty-three seizures (10 right and 13
left) were accompanied by extensive body and limb
movements, but exclusively after the tachycardia onset.

Figure 2 shows the cumulative distribution of
“onset time of HR increase” and “time of maximum
HR.” The distribution of time of maximum HR in
lefc seizures was significandy different from the
normal distribution according to the Shapiro—~Wilk
W test (p < 0.0001). Then, we rejected one outlier
value (267 seconds) to reduce the difference (p =
0.0976). The other distributions were not signifi-
cantly different from the normal distribution without
outlier rejection (onset time in right seizures, p =
0.0907; onset time in left seizures, p = 0.6256; time
of maximum HR in right seizures, p = 0.1338). Var-
iance equality of onset time of HR increase between
right and left temporal seizures was rejected by the F
test (Fyy 8 = 2.1723, p = 0.0338). Variance equality
of time of maximum HR between right and left tem-
poral seizures was also rejected (Fyo25 = 2.5258, p =
0.0121). Therefore, we used the Welch # test to com-
pare the group means. Onset time of HR increase in
right seizures was significantly earlier than that in left
seizures (p < 0.0001). Time of maximum HR in
right seizures was also significantly earlier than that
in left seizures (p < 0.0001).
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