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Abnormal Cardiac Repolarization After
Seizure Episodes in Structural Brain
Diseases: Cardiac Manifestation of Electrical
Remodeling in the Brain®?

Shusuke Mori “&, MD, PhD; Atsushi Hori, PhD; Isik Turker "=, MD; Motoki Inaji, MD, PhD; Erika Bello-Pardo, BS;
Takashi Miida, MD, PhD; Yasuhiro Otomo, MD, PhD; Tomohiko Ai &, MD, PhD

BACKGROUND: Abnormal cardiac repolarization is observed in patients with epilepsy and can be associated with sudden death.
We investigated whether structural brain abnormalities are correlated with abnormal cardiac repolarizations in patients with
seizure or epilepsy.

METHODS AND RESULTS: We retrospectively analyzed and compared 12-lead ECG parameters following seizures between
patients with and without structural brain abnormalities. A total of 96 patients were included: 33 women (17 with and 16
without brain abnormality) and 63 men (44 with and 19 without brain abnormality). Brain abnormalities included past stroke,
chronic hematoma, remote bleeding, tumor, trauma, and postsurgical state. ECG parameters were comparable for heart
rate, PR interval, and QRS duration between groups. In contrast, corrected QT intervals evaluated by Fridericia, Framingham,
and Bazett formulas were prolonged in patients with brain abnormality compared with those without (women: Fridericia
[normal versus abnormal], 397.4+32.7 versus 470.9+48.9; P=0.002; Framingham, 351.0+40.1 versus 406.2+46.1; P=0.002;
Bazett, 423.8+38.3 versus 507.7+56.6; P<0.0001; men: Fridericia, 403.8+30.4 versus 471.0+47.1; P<0.0001; Framingham,
342.7£36.4 versus 409.4+45.8; P<0.0001; Bazett, 439.3+38.6 versus 506.2+56.8; P<0.0001). QT dispersion and T, ~Toqq
intervals were comparable between groups. We also observed abnormal ST-segment elevation in 5 patients. Importantly, no
patients showed fatal arrhythmias during or after seizures.

CONCLUSIONS: Our study demonstrated that brain abnormalities can be associated with abnormal cardiac repolarization after
seizures, which might be a manifestation of electrophysiological remodeling in the brain.
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ated with sudden unexpected death, termed sud-

den unexpected death in epilepsy.! Nonsyndromic
epilepsy is diagnosed when 2 unprovoked seizures
occur 24 hours apart or the recurrence risk after the
first unprovoked seizure is expected to be >60%.2
The 2017 International League Against Epilepsy clas-
sification breaks seizures into 6 etiologic categories:

It has been proposed that epilepsy can be associ-

genetic, structural, metabolic, immune, infectious,
and unknown.® Structural causes refer to preexisting
brain lesions or progressive nervous system disor-
ders. These can be acquired (eg, hypoxic ischemic
encephalopathy, stroke, trauma, infection, or tumors)
or genetic (eg, tuberous sclerosis).® Regardless of its
etiology, a seizure can be fatal, and the mechanism of
death might be respiratory, cardiac, or autonomic.*®
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CLINICAL PERSPECTIVE
What Is New?

e Qur retrospective study showed that postictal
QT intervals were longer in patients with struc-
tural brain abnormality compared with patients
without structural brain abnormality.

e Qur study also showed that patients with pos-
tictal precordial ST-segment elevation and in-
complete right bundle-branch block did not
show fatal arrhythmias during and after seizure
episodes.

What Are the Clinical Implications?

e Qur study suggests that careful cardiovascu-
lar follow-up might be necessary in patients
with seizures associated with structural brain
abnormality.

e Qur study suggests that sudden unexpected
death in epilepsy might not be caused by ar-
rhythmias in patients without structural brain
abnormality.

e Patients with status epilepticus must be care-
fully treated regardless of ECG findings.

There exists substantial interest in the underlying
mechanisms of seizure-related sudden death and ab-
normal cardiac repolarization. Interestingly, abnormal
ECGs are often observed in patients with epilepsy
even without ongoing seizures. For example, abnormal
J-wave and ST-segment morphology and prolonged
QT interval are more common in epileptic patients in
comparison with control populations.b° In contrast,
abnormal ECG changes such as ST-segment eleva-
tion, inverted T wave, and QT prolongation can often
be seen after a brain insult such as ischemia or hem-
orrhage.'®"? It has been hypothesized that these acute
ECG changes might be attributable to the effects of
increased sympathetic tone on the cardiovascular
system. 1314

The etiology of postictal ECG changes is currently
unclear. It could be attributable to alterations in the
autonomic nervous system coupling the brain and
the heart. To test this hypothesis, the 2 organs need
to be uncoupled anatomically or pharmacologically.
The latter could be achieved via autonomic nervous
system block using B-blocking agents and atropine.’®
However, this is not practical in emergency situations.
In this study, we sought to investigate whether chronic
structural abnormalities in the brain can cause elec-
trical remodeling in the autonomic regulation of the
heart. To this end, we measured and compared ECG
parameters in patients with and without structural brain
abnormalities after seizure episodes.
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METHODS

Patient Selection

All data pertinent to this article are available upon re-
quest. This study was conducted in accordance with
the Declaration of Helsinki and ethical guidelines for
research involving human subjects. The study pro-
tocol was approved by the Ethical Committee at
Tokyo Medical and Dental University (M2019-341).
As part of the approval, the Ethics Committee ex-
plicitly waived the need for an informed consent
from individual patients since analyzed samples
were deidentified.

Between January 1, 2017, and December 31, 2019,
a total of 164 patients were transferred to our emer-
gency department as a result of seizure. We included
patients >15 years of age who had a witnessed seizure.
Exclusion criteria were those with acute events such as
stroke and brain trauma, known or suspected intoxi-
cation, preexisting cardiac disease, acute respiratory
failure, electrolyte disturbances, hepatic disorders, and
cardiopulmonary arrest. Patients taking levetiracetam
and phenobarbital were excluded for QT interval mea-
surement because of possible effects of these medica-
tions on cardiac repolarization.'®

Cases in which the ECGs showed intraventricu-
lar conduction disturbances such as complete right
bundle-branch block (RBBB) or left bundle-branch
block were excluded. Patients with incomplete RBBB
with right precordial ST-segment elevation were in-
cluded in the study. However, their QT intervals were
not analyzed. Patients with atrial fibrillation were
also excluded because of relatively unreliable QT
measurement.

The diagnosis of epilepsy was made by the patients’
neurologist on the basis of the following definition: (1)
at least 2 unprovoked seizures occurring >24 hours
apart; or (2) one unprovoked seizure and a probability
of further seizures similar to the general recurrence risk
after 2 unprovoked seizures occurring over the next
10 years. This included the cases with remote struc-
tural lesions such as stroke, central nervous system
infection, or certain types of traumatic brain injury.

ECG Recordings

Within 30 minutes after seizure onset, ECGs were
recorded with CardiMax6 (Fukuda Denshi Co., Ltd.,
Tokyo, Japan) with a sampling rate of 8 kHz. Filter set-
tings were alternating current, —20 dB or less at 50
to 60 Hz; electromyography, —3dB (-6 dB/octave) at
25 or 35 Hz; and drift, -3 dB at 0.25 or 0.5 Hz. QT
intervals were evaluated in all 12 leads, and the follow-
ing parameters were measured by a certified labora-
tory technologist and a cardiologist who was unaware
of patients’ history, and average values were used:
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the QT intervals, T, ,—T.q intervals, QT dispersions,
Toeac—Tengy @nd T,

ek Tond: seak—Teng dispersions.”” QT intervals
were corrected by Fridericia, Framingham, and Bazett
formulas.'®'® ST-segment elevation was defined as an
upward deflection of the ST segment by >0.1 mV at the
end of the QRS.?° Saddle-back ST-segment elevation
was defined as an upward deflection of the ST seg-

ment by >0.05 mV in leads V,_,.'

Laboratory Testing

Venous blood samples were collected immediately
after patients were transferred through a peripheral
intravenous line. Leukocyte counts, pH, base excess,
electrolytes, glucose, and lactate were measured.

Head Computed Tomography and
Magnetic Resonance Imaging

Head computed tomography scans were performed in
all patients by Aquilion 16 (Toshiba, Tokyo, Japan). To
rule out acute cerebral ischemia, magnetic resonance
imaging was checked depending on attending physi-
cians’ neurological evaluations. All imaging studies

Table 1. Clinical Background

Abnormal Cardiac Repolarization After Seizures

were separately adjudicated by board-certified radiolo-
gists who were blind to patients’ history.

Statistical Analysis

Data between the 2 groups were compared by Mann-
Whitney U test using Prism 8 (GraphPad Software, San
Diego, CA). Linear regression fit was used for scatter
plots using SPSS v26 (IBM, Armonk, NY). A P<0.05
was considered statistically significant.

RESULTS

Patient Characteristics

Since women have longer QT intervals than men,?? we
divided patients into 4 groups: female or male patients
with or without structural brain disease as diagnosed
by medical history, physical examination, and imaging
studies.

Table 1 shows the patient characteristics. Structural
brain abnormalities included previous stroke, intracere-
bral hemorrhage, subarachnoid hemorrhage, brain tu-
mors, and trauma. Patients with structural abnormalities

Female Patients

Male Patients

Normal

Structural Normal Structural

No. 16

17 19 44

Age 47.3+24.7

66.8+11.9% 49.4+16.5 61.5+14.17

Nonneurological diseases

Yes 1

History of neural disease

Epilepsy 5

Seizure (undiagnosed)

Infarction

Cerebral bleeding

Subarachnoid hemorrhage

Injury

Tumor

_k
ORI S T 6 T I N

Hippocampal sclerosis

Aneurysm/AVM

Medication

Phenytoin

Clonazepam

Diazepam

Lacosamide

Suvorexant

Valproic acid 3

Zonisamide

AVM indicates arteriovenous malformation.
*P=0.04 vs normal.
P=0.008 vs normal.
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Table 2. Computed Tomography Findings

No. 16 17 (%) 19 44 (%)
Infarction/ischemic change 7(41.2) 24 (54.5)
Chronic hematoma 1(6.9 1(2.3)
Remote bleeding 4(9.1)
Tumor 3(20.0) 4(9.1)
Injury
Postsurgery 2(11.8) 7 (15.9)
Hemangioma/AVM 1(6.9) 123
Brain defects/Atrophy 2 (11.8)

AVM indicates arteriovenous malformation.

were older than those without. Five (31.3%) female and
7 (36.8%) male patients without structural abnormali-
ties had been previously diagnosed with epilepsy. Five
(29.4%) female and 4 (9.1%) male patients with struc-
tural abnormality had been previously diagnosed with
epilepsy. One male patient without structural abnor-
mality had seizures previously without a diagnosis of
epilepsy. All other patients in the study had their first
seizure episode at the time of study conduct. Most pa-
tients who had a previous history of seizure or epilepsy
were on antiepileptic drugs, listed in Table 1. Table 2
shows the computed tomography findings in patients
with structural brain changes. Seven (41.2%) female
and 24 (54.5%) male patients with structural brain
changes showed ischemic findings. Table 3 shows the
laboratory data following seizure episodes. All patients
showed elevated lactate and creatine kinase, and low
pH and base excess levels. Electrolytes were within
normal limits. Laboratory findings were comparable
between patients with and without brain abnormality
in each sex.

Table 3. Laboratory Data

Prolonged QT Intervals After Seizure
Episodes in Patients With Structural Brain
Abnormalities

Figure 1 shows representative ECG traces in patients with-
out and with structural brain abnormality. Compared with
the female patients without structural brain abnormality
(Figure 1A), female patients with structural brain abnormality
showed longer postictal QT intervals (Figure 1B). Similarly,
compared with the normal male patients (Figure 1C), the
QT intervals were prolonged in the patients with brain ab-
normality (Figure 1D). Table 4 summarizes the ECG param-
eters in each group. Compared with the patients without
brain abnormality, QT intervals and corrected QT intervals
by Fridericia, Framingham, and Bazett formulas were sig-
nificantly longer in patients with structural brain abnormality
in both sexes (Table 4, Table S1). Figure S1 shows scat-
ter plots of QTc intervals as a function of RR intervals. The
plots were fitted with linear regression, yielding a slope of
—0.087 for the QTc intervals with the Fridericia formula in
male patients without brain abnormality (Figure S1C) and

No. 16 17 19 44

Lactate, mmol/L 6.32+5.49 6.41+3.26 0.660 8.91+6.55 9.01+8.20 0.568
BE, mEqg/L -4.30+6.56 -4.61+4.56 0.435 -9.16+8.46 -5.66+9.54 0144
pH 7.27x0.17 719+0.15 0.147 7.23x0.19 7.22x0.20 0.865
WBC, 10%/mm? 9.320+4.443 8.464+2.582 0.704 8.205+2.731 9.996+4.120 0.904
CK, g/dL 216.8+460.2 148.7+107.7 0.352 240.6+158.6 426.7+38.5 0.131
Na, mEg/L 139.8+2.2 138.8+5.14 0.764 139.9+4.7 141.3+4.7 0.215
K, mEg/L 4.33+1.02 4.04+0.87 0.418 3.90+0.50 3.96+0.64 0.703
Cl, mEq/L 103.3+5.2 101.7+5.6 0.368 102.1+6.5 101.8+6.0 0.748
Ca, mg/dL 9.13+0.49 9.22+0.34 0.904 9.08+0.61 9.14+0.68 0.810

Normal ranges: lactate, 0.5 to 2.2; BE (base excess), -2 to +2; pH, 7.31 to 7.41; WBC (white blood cell), 4.5 to 11.0; CK (creatine kinase), 22 to 198; sodium
(Na), 135 to 145; potassium (K), 3.6 to 5.2; chloride (Cl), 96 to 106; calcium (Ca), 8.6 to 10.3.
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Figure 1.

Representative ECG traces following seizure episodes.

A, ECG traces from a 44-year-old female patient (upper panel) and a 37-year-old female patient (lower panel) without structural brain
abnormality. The lead showing the longest QT interval was selected for each patient. The black bar indicates 400 ms. The average

values of 2 measurements by 2 examiners were shown for RR and

QT intervals. B, ECG traces from a 76-year-old female patient

with brain abnormality (upper panel) and an 83-year-old female patient with cerebral infarction (lower panel). C, ECG traces from a
49-year-old male patient (upper panel) and a 48-year-old male patient (lower panel) without brain abnormality. D, ECG traces from
a 73-year-old male patient with chronic subdural hematoma (upper panel) and a 48-year-old male patient who had surgery for brain

tumor (lower panel).

slopes of 0.153 to 0171 for the Framingham formula in
both sexes without brain abnormality and male patients
with brain abnormality (Figure S1A, S1C and S1D).'822 QTc
intervals were also plotted against lactate values for each
group. Figure S2 shows that there was no clear relationship
between QTc intervals and lactate values.

Other parameters including RR intervals, PR intervals,
and QRS duration were comparable between patients
with and without structural brain abnormality. In addition,
QT dispersion and T, ~T..q intervals were comparable
between the patients with and without brain abnormality.

Figure 2 shows initial and follow-up ECGs in 6
patients. In 3 patients with no structural brain abnor-
mality, QTc intervals in follow-up ECGs did not show
a consistent pattern (left panel). In contrast, in the 3
patients with structural brain abnormality, QTc intervals
in follow-up ECGs became shorter than the initial post-
ictal ECGs (right panel).

Abnormal ST-T Changes After Seizure
Episodes

We also observed ST-segment elevation and abnor-
mal T waves in 5 patients after seizure episodes. Since
these patients showed an incomplete RBBB pattern,

J Am Heart Assoc. 2021;10:e019778. DOI: 10.1161/JAHA.120.019778

these patients were not included in the evaluation of
QT intervals. Figure 3A shows ST-segment elevation
in leads V,_, in a 53-year-old man without structural
brain abnormality. Preexcitation cannot be ruled out.
Figure 3B shows coved-type (V,) and saddleback-type
(V,) ST-segment elevation with incomplete RBBB in a
53-year-old man without apparent structural abnormal-
ity. Figure 3C shows nonspecific ST-segment elevation
in leads V,_, and first-degree atrioventricular block in an
87-year-old man with prior ischemic stroke. Figure 3D
shows saddleback-type ST-segment elevation with in-
complete RBBB in leads V,_; in a 78-year-old man with
prior ischemic stroke. Figure 3E shows nonspecific ST-
segment elevation in lead V, observed in a 61-year-old
man with epilepsy who was treated with levetiracetam
and lacosamide. He was recommended admission for
observation, but he refused. He was found dead 2 days
later at his house. None of these patients showed ar-
rhythmia in the ambulance or emergency department.

DISCUSSION

Sudden cardiac death can be caused by genetic ar-
rhythmic syndromes such as long-QT syndrome,
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Table 4. ECG Parameters

Abnormal Cardiac Repolarization After Seizures

Female Patients Male Patients
Normal Structural P Value Normal Structural P Value

No. 16 17 19 44
RR, ms 701.8+171.2 651.4+130.0 0.682 624.0+155.1 668.9+148.8 0.182
PR, ms 137.4+£20.0 143.5+16.6 0.395 152.2+26.8 160.1£33.5 0.281
QRS, ms 101.9+16.5 95.8+10.6 0.483 101.7+9.2 99.6+13.2 0.264
QT, ms 351.0+40.0 406.2+46.1 0.003 342.7£36.4 409.3+45.8 0.000*
QT dispersion 46.8+17.9 48.2+22.9 0.478 48.2+22.9 51.1+27.2 0.771
Toeak—Tonas MS 128.6+48.0 123.4+£50.3 0.697 125.6+40.1 128.0+32.0 0.373
Tooak—Tena dispersion 30.4+25.3 32.8+30.2 0.689 37.9+22.2 401+22.3 0.435
Toear—Tend/ QT 0.36+0.14 0.28+0.07 0177 0.36+0.10 0.31+0.06 0.052
Fridericia formula

Corrected QT 397.4+£32.7 470.9+48.9 0.002 403.8+30.4 471.0+4741 0.000*

Corrected QT dispersion 48.8+21.4 44.6+25.5 0.631 571+28.4 58.8+31.7 0.857
Framingham formula

Corrected QT 351.0+40.1 406.2+46.1 0.002 342.7+36.4 409.4+45.8 0.000*

Corrected QT dispersion 43.6+19.4 39.7+22.6 0.818 48.3+22.9 51.2+27.2 0.865
Bazzet formula

Corrected QT 423.8+38.3 507.7+56.6 0.000* 439.3+38.6 506.2+56.8 0.000*

Corrected QT dispersion 48.8+27.4 48.0+27.4 0.841 55.7+35.6 57.4+37.6 0.818

*<0.0001.

Brugada syndrome, J-wave syndrome, and short-QT
syndrome. In some cases, these syndromes can be di-
agnosed by a 12-lead ECG.?* However, prediction meth-
ods have not been established for sudden unexpected
death in epilepsy.?® In this study, we evaluated 12-lead

ECG parameters after seizure episodes in patients trans-
ferred to our emergency department who met our inclu-
sion criteria. ECG parameters were compared between
patients with or without structural brain abnormalities
based on medical history and computed tomography
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Figure 2. Comparison of postictal ECG traces with follow-up ECG traces.

A, ECG traces obtained after seizure episodes and follow-up ECG traces in 3 patients without brain abnormality. The lead showing the
longest QT interval was selected for each patient. The black bar indicates 400 ms. The average values of 2 measurement (2 personnel)
were shown for RR and QT intervals. B, ECG traces obtained after seizure episodes and follow-up ECG traces in 3 patients with brain

abnormality: brain tumor surgery (upper panel); brain trauma (mid
(Fridericia): initial, 443, 485, 407 ms vs follow-up, 400, 438, 394 ms.
indicates female; and M, male.
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panel); and metastatic brain tumor (lower panel). QTc intervals
Note that the follow-up time varied depending on the patient. F
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Figure 3. ECG traces and 12-lead ECG after seizure attacks.
Precordial leads obtained from 4 patients showing ST-segment elevation (A through D). A 12-lead ECG obtained a patient who died suddenly
2 days after discharge. Black bars indicate 400 ms. (E). Clinical information is described in the text. F indicates female; and M, male.

and magnetic resonance imaging findings. Our data  them. Additionally, patients with abnormal right precor-
showed that QT intervals were longer in patients with dial ST-segment elevation did not show hemodynami-
structural brain abnormalities than in the patients without cally unstable arrhythmias during seizure episodes.
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Abnormal ECG Parameters in Primary
Seizure Episodes

In an attempt to predict arrhythmias in patients with
epilepsy, various ECG parameters have been stud-
ied. Dagar et al’® studied 103 patients with epilepsy
and found that QTc, QTc dispersion, T ., —T.q inter-
vals, and T ., —T,o/QTc ratio were significantly higher
in patients with epilepsy than in control subjects.
Although abnormal repolarization (eg, QT prolonga-
tion) can be a marker of sudden cardiac death,?” the
meaning of these parameter changes in seizures re-
mains unknown. Hayashi et al® studied 354 patients
with epilepsy and found that abnormal early repolari-
zation such as J-wave elevation (>0.1 mV) was seen in
~20% of patients with epilepsy. J-wave changes such
as notching and slurring, and ST-segment elevation
are known risk factors for sudden cardiac death,
which are known as J-wave syndromes.?® However,
it is not easy to differentiate primary epilepsy and
seizures caused by arrhythmia-induced brain is-
chemia. Indeed, Auerbach et al® reported that longer
QT intervals were predictive of seizures in long-QT
syndrome cohorts. However, the authors stated that
arrhythmia-induced seizures could not be ruled out.
Brotherstone et al'® continuously monitored electro-
encephalographs and ECGs during seizure episodes.
Analyses of single-lead ECGs in 39 patients revealed
that QTc intervals were prolonged in 21 of 156 seizure
episodes. Interestingly, maximal prolongation was
observed in cases of right temporal lobe seizures. In
our study, patients without structural brain abnormal-
ity did not show significant QT prolongation in either
sex following seizure episodes. We were able to ob-
serve follow-up ECGs in 3 patients without structural
abnormality. QTc intervals several hours after sei-
zure episodes did not change in 1 patient, became
longer in 1 patient, and became shorter in 1 patient
(Figure 2). These data indicate that QT prolongation
may not provoke seizures in patients with epilepsy.
In addition, we observed abnormal right precordial
ST-segment changes in several male patients with-
out structural abnormality (Figure 3A through 3D).
Since none of them showed arrhythmias during sei-
zures, arrhythmia can be ruled out as the cause of
seizure in these patients. Importantly, a patient who
showed nonspecific ST-segment elevation in lead V,
died suddenly 2 days after discharge, indicating that
a cardiac cause was less likely (Figure 3E).

Abnormal ECG Parameters in Seizures
Associated With Structural Brain
Abnormalities

[t is well known that acute stroke can cause abnormal
ECG patterns. For example, subarachnoid hemorrhage

J Am Heart Assoc. 2021;10:e019778. DOI: 10.1161/JAHA.120.019778
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can cause ST-segment elevation mimicking myocar-
dial infarction,?® and giant negative T waves.®® Acute
occlusion of the right middle cerebral artery can cause
inverted T waves and QTc prolongation.®'=3% These
changes are so-called heart stress or excess activa-
tion of autonomic tone affecting cardiac electrophysi-
ological characteristics. However, if sympathetic tone
is increased, QT intervals are supposed to shorten
because of activation of the slow component of the
delayed rectifier K* currents.! In contrast, if parasym-
pathetic tone is increased, acetylcholine-induced K*
channels can be activated, resulting in the shortening
of QT intervals.3* Nonetheless, stellate ganglionectomy
has been performed for refractory torsades de pointes
in long-QT syndromes.®® This strongly supports the
hypothesis that brain and nervous system function
contribute largely to the regulation of cardiac electro-
physiological properties.

Although ECGs in the absence of seizures were
not available in all patients, the prevalence of QT
prolongation is far more than the expected preva-
lence of long-QT syndrome, which is =1 of 2534.%6
These findings may indicate that functional remod-
eling might take place more often in the damaged
brain than in structurally normal ones. Alternatively, if
seizure-related abnormal cardiac repolarization is at-
tributable to the changes in autonomic tone, then the
regulation of the autonomic nervous system might
differ in injured brains and structurally normal ones.
This concept has been well studied in heart disease
and termed cardiac memory: “atrial fibrillation be-
gets atrial fibrillation.”®” It is reasonable to speculate
that electrophysiological remodeling can occur in the
brain regardless of any structural disease. Structural
changes may form obstacle(s) to cause reentrant cir-
cuits or turbulences.

Can Abnormal Repolarization After
Seizure Episodes Predict Sudden Death?
Another important question is “What does abnor-
mal cardiac repolarization mean in patients with
seizure?” Despite many previous studies, we still do
not know the role of abnormal cardiac repolariza-
tion in sudden unexpected death in epilepsy. In our
study, patients with structural brain abnormalities
showed QT prolongation after episodes of seizure.
Although prolonged QT intervals can be a risk fac-
tor for sudden cardiac death,?” these patients did
not show any signs of fatal arrhythmias. In addition,
our patients did not show difference in QT disper-
sion or T,.,—Teng iNtervals, which can predict sud-
den cardiac death,3® in either group. Furthermore,
all patients who showed abnormal right precordial
ST-segment elevation, which might be associ-
ated with arrhythmia syndromes, did not have any



Mori et al

arrhythmias during seizure episodes. Importantly,
a 61-year-old male patient without apparent struc-
tural brain abnormality died suddenly 2 days after
his emergency department visit. His postictal ECG
did not show QT prolongation, but it showed subtle
ST-segment elevation and notching of the J point in
lead V, (Figure 3E). Since an autopsy including mo-
lecular genetic studies could not be performed, we
do not know the exact cause of his sudden cardiac
death. These data indicate that abnormal repolariza-
tion after seizure episodes may be manifestations of
short-term brain remodeling. However, it is less likely
that this neural remodeling causes sudden cardiac
death.

Limitations
There are several limitations:

1. This is a single-center study, and our sample size
was small. In addition, since multiple ECGs (eg, at
different heart rates) could not be obtained for most
patients, QTc/RR plots (Figure S1) did not produce
good fits except for the Framingham formula.

2. We could not analyze ECGs on the basis of the types
of seizures since only patients with generalized sei-
zures were transferred to our center.

3. The duration of seizure episodes varied; however,
the laboratory parameters were not significantly dif-
ferent among the groups. Importantly, Figure S2 did
not show any clear correlation between QTc intervals
and lactate values.

4. Time to postictal ECGs were not exactly the same
among patients since ECGs could not be obtained
at the time after seizure in some cases.

5. Since QT intervals can prolong with age,3® our com-
parison between normal and abnormal groups might
have been overestimated. However, it has been re-
ported that the difference of QTc intervals among
different generations was less than a few millisec-
onds,*® which was smaller than the difference in our
data.*® Also, it has been reported that QTc intervals
shorten in older age groups in the Japanese popula-
tion (>60 years).°

6. We were able to obtain follow-up ECGs for only a
few patients, and we were unable to rule out con-
genital long-QT syndrome in most of the patients.

7. Although seizure episodes may affect cardiac re-
polarization and conduction, we could not analyze
the cases with RBBB or left bundle-branch block
since the number of patients was not adequate, and
correction methods for QT intervals might not have
been established despite the fact that some formu-
las exist. 3441

8. Ischemia in microcirculation could not be completely
ruled out.
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9. It was difficult to prove that the seizures were associ-
ated with abnormal brain activity because electroen-
cephalographs were not recorded in the ER.

10. Because this is a retrospective study, we do not
have any genetic information including germline
and somatic variants. Currently, we are analyzing
genomic DNA information in a new study, and we
are planning to obtain brain tissues from patients
with seizure with structural abnormalities in the
future.

In conclusion, our data indicate that structural brain ab-
normalities may play a role in abnormal cardiac repolar-
ization after seizure episodes. Additionally, our findings
show that abnormal repolarization is not obviously man-
ifest in idiopathic seizures.
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Table S1. QTc intervals.

Female Female
Normal Structural
Age QTc Baz FOI: l—; F?“;-; Age QTc Baz '?I: ZZ F?;-ri\
1 22 454.4 435.5 400.0 1 85 557.9 528.7 475.0
2 63 474.8 432.9 360.1 2 69 528.5 500.9 450.0
3 63 413.1 379.4 320.1 3 68 471.3 438.7 380.1
4 37 422.0 384.8 320.1 4 62 494.5 451.0 375.1
5 15 403.3 386.5 355.0 5 63 490.6 450.5 380.1
6 35 480.7 444.5 380.1 6 37 494.5 451.0 375.1
7 87 391.0 349.8 280.1 7 65 483.0 433.9 350.1
8 23 455.4 409.1 330.1 8 67 456.4 427.5 375.1
9 30 4243 378.0 300.1 9 50 674.2 610.3 500.1
10 22 390.5 380.0 360.0 10 86 496.1 461.8 400.1
11 54 364.6 363.1 360.0 11 76 552.1 495.8 400.1
12 18 369.5 352.2 320.0 12 56 542.3 527.8 500.0
13 49 493.3 456.1 390.1 13 64 486.9 456.0 400.1
14 75 434.6 436.4 440.0 14 81 395.3 396.9 400.0
15 92 425.3 386.8 320.1 15 63 465.1 432.9 375.1
16 71 384.8 383.2 380.0 16 74 521.7 456.7 350.1
17 71 520.9 484.9 420.1
Male Male
Normal Structural
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Figure S1. Plots of QTc intervals as a function of RR intervals.
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Plots for female patients without (A) and with structural brain diseases (B); male patients without (C) and

with structural brain diseases (D). The parameters by linear regression fit are shown in the inset.



Figure S2. Plots of QTc intervals as a function of lactate values.
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Plots for female patients without (A) and with structural brain diseases (B); male patients without (C) and

with structural brain diseases (D). The parameters by linear regression fit are shown in the inset.



