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Objectives: The objectives of this study were to determine how hemispheric laterality of seizure activity influ-
ences periictal heart rate variability (HRV) and investigate the ability of HRV parameters to discriminate right-
and left-sided seizures.
Methods: Long-term video electroencephalogram-electrocardiogram recordings of 54 focal seizures in 25 pa-
tients with focal epilepsywere reviewed. Using linearmixedmodels, we examined the effect of seizure laterality
on linear (standard deviation of R-R intervals [SDNN], root mean square of successive differences [RMSSD], low
frequency [LF] and high frequency [HF] power of HRV, and LF/HF) and nonlinear (standard deviation [SD]1, SD2,
and SD2/SD1 derived from Poincaré plots) periictal HRV parameters, the magnitude of heart rate (HR) changes,
and the onset time of increased HR. Receiver operating characteristics (ROC) were used to determine the ability
of these parameters to discriminate between right- and left-sided seizures.
Results: Postictal SDNN, RMSSD, LF, HF, SD1, and SD2 were higher in right- than left-sided seizures. Root mean
square of successive difference and HFwere decreased after left- but not right-sided seizures. Standard deviation
of R-R intervals, LF, and SD1 were increased after right- but not left-sided seizures. Increased ictal HR was earlier
and larger in right- than left-sided seizures. Postictal HF showed the greatest area under the ROC curve (AUC)
(0.87) for discriminating right- and left-sided seizures.
Conclusions: Our data suggest that postictal parasympathetic activity is higher, whereas ictal HR increase is
greater, in right- than left-sided seizures. Involvement of the right hemisphere may be associated with postictal
autonomic instability. Postictal HRV parameters may provide useful information on hemispheric laterality of sei-
zure activity.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Autonomic cardiovascular control is thought to be asymmetrically
represented in the brain, whereby the right hemisphere predominantly
modulates sympathetic tone and the left hemisphere modulates para-
sympathetic tone [1–3]. Heart rate variability (HRV) is the variation in
duration between consecutive heartbeats and reflects the sympathetic
and parasympathetic control of heart rate (HR) [4]. Although interictal
HRV changes in people with epilepsy have been described in some de-
tail [5], relatively little is known about preictal and postictal HRV
changes. Particularly, the effects of individual hemispheres remain un-
clear. Here, we hypothesized that seizure-induced HRV changes depend
on the side of seizure focus and may be useful in lateralizing seizures.
Furthermore, postictal rather than ictal autonomic changes are thought
a).
to contribute to sudden unexpected death in epilepsy (SUDEP) [6]. Re-
cently, Wandschneider et al. reported structural changes related to
SUDEP in the right hippocampus and parahippocampal gyrus [7],
suggesting that the autonomic disturbance underlying SUDEP might
be associated with the right hemisphere. Consequently, investigating
hemispheric asymmetry in postictal HRV is of utmost importance for
determining the pathophysiology of SUDEP. In the present study, we
aimed to characterize the influence of seizure activity of each hemi-
sphere on HRV, as well as the power of HRV parameters to determine
hemispheric laterality of seizures.

2. Methods

2.1. Patients and inclusion criteria

A total of 126 patients with focal epilepsywith unilateral focus were
retrospectively assessed. These patients were consecutively admitted to
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our long-term video electroencephalogram (EEG) monitoring unit at
the Department of Neurology, Kyushu University Hospital (Fukuoka,
Japan) between December 1, 2011 and March 31, 2016. Inclusion
criteria for patient selection were as follows: (1) clinical diagnosis of
focal epilepsy; (2) availability of simultaneously recorded surface EEG,
electrocardiogram (ECG), and video footage for at least one seizure;
(3) at least one instance of abnormal neuroimaging data
(i.e., magnetic resonance imaging [MRI], 123I-iomazenil single photon
emission computed tomography, 18F-fluorodeoxyglucose positron
emission tomography, or magnetoencephalography) ipsilateral to ictal
EEG onset; (4) no history of active cardiovascular disease; and (5) not
taking cardiovascular medication. Two electroencephalographers (M.S.
and T.U.) independently reviewed the ictal EEG recordings and selected
focal seizures showing clearly lateralized discharges without secondary
generalization or movements that obscured ictal EEG discharges. Most
seizures occur during wakefulness or nonrapid eye movement (REM)
sleep, and REM sleep has unique HRV patterns [8]. Thus, seizures that
occurred during REM sleep were excluded to reduce confounding fac-
tors. For each patient, if more than three seizures were obtained, the
first three were analyzed.

2.2. EEG and ECG recordings

Surface EEG electrodes were positioned according to the Interna-
tional 10–20 system. Simultaneous ECG was recorded via an electrode
located over the left side of the anterior chest wall. Data were acquired
using the Nihon Kohden video-EEG system (Nihon Kohden, Tokyo,
Japan). The sampling rate was 500 Hz.

2.3. EEG and ECG analysis

Electroencephalogram seizure onset and termination were visually
marked by electroencephalographers (M.S. and T.U.) based on patterns
that were clearly distinguishable from background activity, including
rhythmic activity of variable frequency, rhythmic spiking, low ampli-
tude fast activity, and generalized background suppression. During
video analyses, the first visible clinical signsweremarked as clinical sei-
zure onset. Hence, “seizure onset”was defined as the first of either EEG
seizure onset or clinical seizure onset.

The time series for ECGR-R intervalswere extracted usingMemCalc/
Chiram3 software (Suma-Trust, Tokyo, Japan). All R-R interval series
were visually inspected in conjunction with the original ECG trace for
removal of erroneously detected R waves and insertion of missed R
beats. The time of seizure onsetwas set as 0, and the baselinewas calcu-
lated as the mean HR from−120 to−60 s. An establishedmethod was
used to detect onset time of increased HR, as follows [9]:MedianHR in a
time window (20-s length) was compared with median HR in an adja-
cent time window (5-s length) to determine whether the two medians
differed by N5/min. The onset time of a decreased HRwas defined as the
point at which HR decreased by N10% of the baseline. All video record-
ings were carefully reviewed to check for body motion artifacts. The
magnitude of HR changes was defined as the difference between the
maximum and minimum HR during the periictal period.

Heart rate variability analysis was performed using the R Heart Rate
Variability package written in the R language (http://rhrv.r-forge.r-
project.org/). The following parameters were calculated for the 2-min
period before seizure onset (preictal period) and the 2-min period
after EEG seizure termination (postictal period). Additionally, selected
HRV parameters for the ictal period (i.e., from seizure onset to EEG sei-
zure termination) were calculated if the seizure was longer than 30 s
(see Section 3.2 for details).

For the time domain analysis, standard deviations (SD) of R-R inter-
vals (SDNN) and root mean square of successive differences (RMSSD)
were calculated. For the frequency domain analysis, spectral measures
were obtained using the fast Fourier transform (FFT) method. Power
in the HR spectrum was divided into low frequency (LF: 0.04–0.15 Hz)
and high frequency (HF: 0.15–0.4 Hz) components. In the nonlinear
analysis, SD1 was calculated as the SD along the minor axis, and SD2
was calculated as the SD along the major axis of an ellipse fitted to the
Poincaré plot, in which each R-R interval was plotted against the previ-
ous interval.

2.4. Statistical analysis

JMP pro 13 software (SAS Institute, Cary, NC, USA) was used for sta-
tistical analyses. Except for onset time of HR change, ECG parameters
were log transformed to approximate normality. Heart rate variability
parameterswere analyzed using linearmixedmodels for repeatedmea-
sures. Seizure laterality (right vs. left hemisphere), period (pre- vs.
postictal), and seizure laterality by period interaction were included as
fixed effects,with seizure and subject as randomeffects. Seizureswithin
the same patient are correlatedwith each other. Thus, we included sub-
ject as a random effect to take account of this correlation. Possible con-
founders (age, gender, sleep/wakefulness, temporal/extratemporal lobe
epilepsy, and seizure duration) were adjusted as fixed effects. The sig-
nificance of each fixed effect was tested using F tests with the
Kenward–Roger approximation for degrees of freedom. Simple effects
were tested when the interaction was significant. In the subgroup anal-
ysis of seizures lasting more than 30 s, HRV parameters during the ictal
period were also included in the linear mixed models (see Section 3.2
for details). Two ictal HR parameters (onset time and magnitude of HR
changes) were analyzed using linear mixed models. Fixed effects were
seizure laterality and the possible confounders listed above, and the
random effect was subject. The area under the receiver operating char-
acteristic (ROC) curve (AUC) was calculated to determine the ability of
each ECG parameter showing a significant effect of seizure laterality to
lateralize seizures. To take account of the correlation within each sub-
ject, the AUCs were computed and compared among parameters using
the method described by Obuchowski [10].

2.5. Ethics committee approval

This study was approved by the Kyushu University Institutional Re-
view Board for Clinical Research.

3. Results

3.1. Characteristics of patients and seizures

Of the 126 patients, 30 (23.3%) fulfilled all inclusion criteria for the
present study. Among them, 25 (19.8%) had clearly lateralized focal sei-
zures withoutmovements that obscured ictal EEG discharges (14males
and 11 females;mean age±SD, 36.2±15.0 years; range: 16–73 years).
Epileptogenic foci were located in the left temporal lobe in 12 patients,
the left frontal lobe in 1, the right temporal lobe in 10, the right frontal
lobe in 1, and the right hemisphere in 1.We found no statistically signif-
icant differences in age, gender, or disease duration between patients
with right vs. left epileptogenic foci. All eligible patients were right-
handed. Patient characteristics are summarized in Supplementary
Table 1. A total of 54 seizures were analyzed, including 27 right-sided
seizures from 12 patients and 27 left-sided seizures from 13 patients.
The number of seizures analyzed per patient ranged from 1 to 3 (aver-
age 2.16). Five of the 54 seizures were excluded from the onset time
of HR changes analysis because no significant HR changes were ob-
served. The remaining 49 seizures (26 right-sided seizures from 12 pa-
tients and 23 left-sided seizures from 13 patients) showed an ictal HR
increase.

3.2. Effect of seizure laterality on periictal HRV and HR parameters

Fig. 1 shows representative cases of periictal HR changes associated
with right- and left-sided seizures. The average power spectral density
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Fig. 1. Representative cases of periictal HR changes. A right temporal seizure in patient 4 (A) showing larger heart rate fluctuations during the postictal period (arrow) as comparedwith a
left temporal seizure in patient 23 (B). Dotted and solid lines represent electroencephalogram seizure onset and termination, respectively.
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(PSD) of HRV clearly showed a tendency for greater HRV in right-sided
seizures during the postictal period (Fig. 2). Table 1 summarizes the
mean values for the pre- and postictal HRV parameters and ictal HR pa-
rameters. The linear mixed model analysis revealed significant interac-
tions between seizure laterality and period for SDNN, RMSSD, LF, HF,
SD1, and SD2 (P = 0.0090, P = 0.0176, P = 0.0496, P = 0.0001, P =
0.0436, and P = 0.044, respectively) (Table 2). Subsequent simple
Fig. 2. Power spectral density (PSD) of heart rate variability (HRV). PSD of HRV as a function of f
squares represent mean values of right-sided (n = 27) and left-sided (n = 27) seizures, respe
high frequency (HF) range (0.15–0.4 Hz), respectively.
effects tests demonstrated that SDNN, RMSSD, LF, HF, SD1, and SD2
were higher (P = 0.0007, P = 0.0200, P = 0.0145, P = 0.0005, P =
0.0124, and P = 0.0044, respectively) in right-sided seizures during
the postictal period (Fig. 3, Supplementary Table 3). Simple effects
tests also revealed that SD2 was higher during the post- vs. preictal pe-
riod in both the right- (P b 0.0001) and left-sided (P b 0.00001) seizures
(Fig. 3, Supplementary Table 3); that RMSSD and HFwere lower during
requency during preictal (A) and postictal periods (B). Black closed circles andwhite open
ctively. Solid and dotted rectangles indicate low frequency (LF) range (0.05–0.15 Hz) and



Table 1
Pre- and postictal heart rate variability and ictal heart rate parameters.

All seizures
(n = 54)

Right-sided seizures
(n = 27)

Left-sided seizures
(n = 27)

Preictal HRV parameters
SDNN (ms) 60.85 (4.31) 70.93 (6.60) 50.77 (4.92)
RMSSD (ms) 39.77 (3.75) 49.95 (5.77) 33.59 (4.58)
LF (ms2) 246.81 (32.24) 262.11 (44.63) 231.51 (47.14)
HF (ms2) 267.57 (44.78) 325.23 (71.81) 209.90 (52.57)
LF/HF 1.75 (0.18) 1.56 (0.27) 1.94 (0.26)
SD1 (ms) 1.97 (0.135) 2.12 (0.16) 1.82 (0.21)
SD2 (ms) 6.57 (0.50) 7.52 (0.80) 5.62 (0.56)
SD2/SD1 3.62 (0.23) 3.79 (0.40) 3.245 (0.25)

Postictal HRV parameters
SDNN (ms) 84.35 (5.94) 109.27 (7.75) 59.42 (6.02)
RMSSD (ms) 34.29 (3.17) 44.50 (4.68) 24.08 (3.33)
LF (ms2) 571.11 (87.47) 764.99 (147.34) 377.23 (81.18)
HF (ms2) 269.92 (70.93) 425.92 (122.61) 113.92 (60.07)
LF/HF 5.06 (0.63) 2.91 (0.40) 7.20 (1.06)
SD1 (ms) 2.09 (0.12) 2.56 (0.19) 1.62 (0.11)
SD2 (ms) 12.09 (0.97) 15.48 (1.57) 8.69 (0.69)
SD2/SD1 5.87 (0.30) 6.19 (0.51) 5.56 (0.33)

Ictal HR parameters
Magnitude of increased ictal HR (bpm) 43.20 (2.90) 53.58 (4.24) 42.81 (3.75)
Onset time of increased ictal HR (s) 0.73 (2.06) −4.34 (2.39) 6.47 (3.10)

Data are presented as themean and standard error of themean. Abbreviations: HF, high frequency; HR, heart rate; HRV, heart rate variability; LF, low frequency; RMSSD, rootmean square
of successive differences; SD, standard deviation; SDNN, standard deviation of R-R intervals.
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the post- vs. preictal period (P=0.0011 and P b 0.0001, respectively) in
left- but not right-sided seizures (Fig. 3, Supplementary Table 3); and
that SDNN, LF, and SD1 were higher during the post- vs. preictal period
(P b 0.0001, P b 0.0001, and P = 0.0132, respectively) in right- but not
left-sided seizures (Fig. 3, Supplementary Table 3). Themagnitude of in-
creased ictal HR was larger (P = 0.0298), and onset time of increased
ictal HR was earlier (P = 0.0146) in right-sided seizures (Table 2). The
effects of possible confounders are shown in Supplementary Table 2.

Seizure durations varied from 10 s to 192 s (median: 63 s). Because
HRV parameter values depend on data duration and those obtained
from shorter data are less reliable [11–14], ictal period data in the pres-
ent study were suboptimal for analysis using HRV parameters. How-
ever, recent studies have shown that RMSSD and HF are less sensitive
to data duration [12] and can be reliably calculated from data that are
approximately 30 s in duration [13,14]. Therefore, we performed ictal
HRV analysis of RMSSD and HF for seizures lasting more than 30 s (48
[88.8%] seizures, including 24 right-sided seizures from 12 patients
and 24 left-sided seizures from 13 patients). When preictal, ictal, and
postictal datawere included in the linearmixedmodel analysis, interac-
tions between seizure laterality and period were significant for RMSSD
Table 2
Results of linear mixed model analysis.

Variables Seizure laterality (right vs. left
hemisphere)

F value (df) P value

SDNN 9.83 (1, 16.5) 0.0062
RMSSD NS
LF NS
HF 7.99 (1, 17.6) 0.0113
LF/HF NS
SD1 NS
SD2 6.27 (1, 17.4) 0.0225
SD2/SD1 NS
Magnitude of increased ictal HR 5.60 (1, 17.4) 0.0298
Onset time of increased ictal HR 8.48 (1, 10.6) 0.0146

Abbreviations: df, degrees of freedom; HF, high frequency; HR, heart rate; HRV, heart rate varia
successive differences; SD, standard deviation; SDNN, standard deviation of R-R intervals.
and HF (P = 0.0288 and P b 0.0001, respectively). Simple effects tests
revealed that HF were higher in right- than left-sided seizures during
the ictal and the postictal periods (P = 0.0306 and P = 0.0034, respec-
tively; Fig. 4). Simple effects of period were significant for RMSSD and
HF in both right-sided seizures (P = 0.0093 and P = 0.0024, respec-
tively) and left-sided seizures (P b 0.0001 and P b 0.0001, respectively).
Subsequent multiple comparison tests with Bonferroni correction re-
vealed that RMSSD and HF were lower during the ictal vs. preictal pe-
riod in both right-sided (P = 0.0321 and P = 0.0162, respectively)
and left-sided (P=0.0006 and P b 0.0001, respectively) seizures, higher
during the post- vs. ictal period in right-sided seizures (P= 0.036 and P
=0.0027, respectively), and lower during the post- vs. preictal period in
left-sided seizures (P = 0.0003 and P b 0.0001, respectively) (Fig. 4).

Patientswere in the supineposition for 35 seizures (64.8%),were sit-
ting in 11 seizures (20.3%), and changed body position in 8 seizures
(14.8%). To assess the possible effects of body position on the main re-
sults, seizures in the supine position (18 right-sided seizures form 9
patients and 17 left-sided seizures from 9 patients) were separately an-
alyzed from other seizures. In doing so, the results were consistent with
those of the main analysis. Namely, there were significant interactions
Period (pre- vs. postictal) Interaction (seizure laterality ×
period)

F value (df) P value F value (df) P value

25.97 (1, 52.0) b0.0001 7.36 (1, 52.0) 0.0090
5.99 (1, 52.0) 0.0177 6.01 (1, 52.0) 0.0176
21.69 (1, 52.0) b0.0001 4.04 (1, 52.0) 0.0496
7.69 (1, 52.0) 0.0077 17.30 (1, 52.0) 0.0001
40.00 (1, 52.0) b0.0001 NS

NS 4.27 (1, 52.0) 0.0436
85.23 (1, 52.0) b0.0001 4.26 (1, 52.0) 0.044
59.07 (1, 52.0) b0.0001 NS

NI NI
NI NI

bility; LF, low frequency; NI, not included; NS, not significant; RMSSD, rootmean square of
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between seizure laterality and period for SDNN, RMSSD, and HF (P =
0.0268, P = 0.0177, and P = 0.0015, respectively) (Supplementary
Table 4); higher postictal SDNN (P = 0.0159) and HF (P = 0.0234) in
right-sided seizures; lower post- vs. preictal RMSSD (P = 0.0012) and
HF (P = 0.0003) in left-sided seizures; and higher post- vs. preictal
SDNN in right-sided seizures (P b 0.0001) (Supplementary Table 5).

3.3. ROC analysis

Table 3 shows the AUCs for postictal SDNN, RMSSD, LF, HF, SD1, SD2,
andmagnitude and onset time of increasedHR. Postictal HF showed the
Fig. 3. Least squares means (adjusted means) of pre- and postictal heart rate variability param
model analysis for standard deviation of R-R intervals (SDNN) (A), root mean square of succes
deviation (SD)1 (E), and SD2 (F). Dark gray bars indicate right-sided seizures (n = 27), and li
the mean. Asterisks indicate significance in simple effects tests following significant interacti
0.0001).
greatest AUC (0.87). There were no significant differences in these
AUCs.

4. Discussion

The main new findings of our study were as follows: (1) overall,
short-term, and long-term HRV were significantly higher in right- vs.
left-sided seizures during the postictal period; (2) after seizures,
short-term HRV was decreased in left- but not right-sided seizures;
and (3) postictal HRV parameters, especially HF, can discriminate
right- and left-sided seizures with a high accuracy. To our knowledge,
eters for right- and left-sided seizures. Least squares means estimated from linear mixed
sive differences (RMSSD) (B), low frequency (LF) (C), high frequency (HF) (D), standard
ght gray bars indicate left-sided seizures (n = 27). Error bars indicate standard errors of
ons between seizure laterality and period (*P b 0.05, **P b 0.01, ***P b 0.001, and ****P b



Fig. 4. Least squares means (adjustedmeans) of preictal, ictal, and postictal heart rate variability parameters for right- and left-sided seizures lastingmore than 30 s. Least squares means
estimated from linearmixedmodel analysis for root mean square of successive differences (RMSSD) (A) and high frequency (HF) (B). Red lines indicate right-sided seizures (n=27), and
blue lines indicate left-sided seizures (n = 27). Error bars indicate standard errors of the mean. Asterisks indicate significance in simple effects tests following significant interactions
between seizure laterality and period (for the effects of seizure laterality) or subsequent multiple comparison tests with Bonferroni correction (for the effects of period) (*P b 0.05, **P
b 0.01, ***P b 0.001, and ****P b 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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this is the first study to detail robust effects for seizure laterality on
postictal HRV.

We found higher postictal SDNN, RMSSD, LF, HF, SD1, and SD2 in
right-sided seizures. Although SDNN, LF, and SD2 reflect sympathetic
and parasympathetic activity, RMSSD, HF, and SD1 are known to be
pure measures of parasympathetic activity [4,11,15]. Therefore, our re-
sults indicate that there is higher postictal parasympathetic activity in
right-sided seizures. Parameters of sympathovagal balance (LF/HF and
SD2/SD1) were increased after seizures and had no interactions with
seizure laterality, and parasympathetic parameters (RMSSD and HF)
were decreased after left-sided seizures. These findings are consistent
with known ictal sympathetic activation with parasympathetic sup-
pression [16,17]. However, postictal parasympathetic parameters were
similar to (RMSSD and HF) or higher than (SD1) those during the
preictal period in right-sided seizures. Additionally, our subgroup anal-
ysis of seizures lastingmore than 30 s revealed that although ictal para-
sympathetic parameters (RMSSD andHF)were lower than those during
preictal period in both right- and left-sided seizures, they were lower
than those during postictal period in right- but not left-sided seizures.
These results suggest that parasympathetic suppression recovers
while sympathetic activity remains significant during the postictal pe-
riod in right-sided seizures. Such postictal sympatho-parasympathetic
coactivation can produce autonomic instability [6]. Although the contri-
bution of each hemisphere to SUDEP is unknown, eight out of 11 mon-
itored SUDEP cases in a systematic survey showed right-sided focus
[18], and an MRI study reported increased right hippocampal and
Table 3
Results of the receiver operating characteristic curve analysis for discriminating right-
and left-sided seizures.

Parameters AUC (95% CI)

Postictal SDNN 0.83 (072–0.94)
Postictal RMSSD 0.81 (0.68–0.94)
Postictal LF 0.73 (0.57–0.89)
Postictal HF 0.87 (0.77–0.98)
Postictal SD1 0.79 (0.65–0.94)
Postictal SD2 0.79 (0.64–0.94)
Magnitude of increased ictal HR 0.67 (0.47–0.87)
Onset time of increased ictal HR 0.71 (0.53–0.88)

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confi-
dence interval; HF, high frequency; HR, heart rate; LF, low frequency; SD, standardde-
viation; SDNN, standard deviation of R-R intervals; RMSSD, root mean square of
successive differences.
parahippocampal gyrus volume in patients with SUDEP [7]. Thus, our
findings suggest that involvement of the right hemispheremay be asso-
ciated with autonomic instability underlying SUDEP.

To the best of our knowledge, only three studies have analyzed the
effects of seizure laterality on postictal HRV [17,19,20]. Unlike our
study, these studies focused on temporal lobe epilepsy (TLE). Our sub-
group analysis of patients with TLE revealed comparable results to the
main analysis (Supplementary Tables 6, 7). Our results are partially con-
sistentwith thefindings of Adjei et al. who examined subclinical seizure
patterns and found that patients with left TLE had lower overall HRV
(SDNN) compared with patients with right TLE [19]. However, they
did not analyze other HRV parameters. Szurhaj et al. analyzed short-
termHRV (HF variability index) in individualswith TLE, but foundnoef-
fect of seizure laterality [17]. The difference between their findings and
oursmay bedue to theparameters chosen; indeed,we found that not all
parasympathetic parameters were affected by seizure laterality. Romigi
et al. reported that postictal SDNN, RMSSD, LF, HF, and LF/HF were not
influenced by laterality of seizure activity in patients with TLE [20].
There are notable differences in patient characteristics between their
study and ours: they analyzed newly diagnosed patients, whereas
most of our patients were drug-resistant and had long disease dura-
tions. Disease severity or chronic effects of repeated epileptic discharge
might reinforce differences between right- and left-sided seizures in
postictal HRV.

In accordance with previous studies [21,22], right-sided seizures
showed larger ictal HR increase, suggesting higher sympathetic and/or
lower parasympathetic activity [23]. In contrast, our results on HRV in-
dicate higher postictal parasympathetic activity in right-sided seizures.
Koizumi et al. reported that hypothalamic stimulation induced sympa-
thetic activation and diminished the baroreflex, and that the baroreflex
reappeared and induced parasympathetic activation after stimulation
was stopped [24]. Hence, our results may indicate that a greater HR in-
crease in right-sided seizures is accompanied by higher blood pressure,
which triggers larger baroreflex-mediated parasympathetic activation
after termination of seizures. However, our subgroup analysis of sei-
zures lasting more than 30 s revealed that HF was higher in right-
sided seizures during not only the postictal but also the ictal period.
Thus, greater ictal parasympathetic suppression in left-sided seizures
may also contribute to the difference in postictal parasympathetic activ-
ity between right- and left-sided seizures.

Subgroup analysis of seizures in the supineposition revealed compa-
rable results to the main analysis in SDNN, RMSSD, and HF. Thus,
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differences in these parameters between right- and left-sided seizures
were not caused by differences in body position. Although we did not
include seizures presentingwithmovements that obscure ictal EEG dis-
charges,mildmotor symptoms such as limb automatismwere observed
in 43 (79.6%) seizures. However, we consider that the effects of motor
symptoms on our results were limited, and for the following reasons:
(1) movements usually increase HR and decrease parasympathetic
HRV parameters, whereas both of these parameters were higher during
right-sided seizures; and (2) differences in HRV parameters between
right- and left-sided seizures were more significant after motor symp-
toms (postictal period) than during them (ictal period).

It is worth noting that HRV parameters display high interindividual
variability. Thus, althoughwe found that various postictal HRV parame-
ters were significantly higher in right-sided seizures at the group level,
it could be difficult to define cutoff values to distinguish right- from left-
sided seizures in individual patients. Modification of HRV parameters
such as normalization with baseline values might be useful to translate
our results into clinical practice in the future.

Our study has several limitations. First, we did not consider other
factors that potentially affect the HR and HRV, such as antiepileptic
drugs (AEDs). However, AEDs likely have aminimal influence on our re-
sults because they were discontinued or tapered during long-term
video-EEG in 49 seizures (90.7%). Additionally, we obtained similar re-
sultswhenweonly analyzed these49 seizures (Supplementary Tables 8,
9). Second, the number of seizures per patient varied from 1 to 3. There-
fore, patients with 3 seizures may have introduced a bias. However, this
biaswasminimalized byusing linearmixedmodels. Third, itmay be dif-
ficult to directly compare our results with other studies because there is
no standard methodology for analyzing seizure-induced HR and HRV
changes [25]. Indeed, further work is needed to establish a unified ap-
proach in this field of research. Fourth, although many seizures propa-
gate to the contralateral hemisphere in the early phase, we did not
test whether our findings can be generalized to such seizures. Because
SUDEP is associated with seizures involving both hemispheres [6], this
should be explored in the future to clarify the contribution of the right
hemisphere to SUDEP. Fifth, effects of the location of epileptic foci
were not tested in detail. Although the subgroup of patients with TLE
showed results that were similar to thewhole group, the number of pa-
tients with extra-TLE was too small for separate analysis. Larger studies
are needed to test whether the observed effects of seizure laterality on
postictal HRV parameters are specific to TLE or not. Sixth, because of
the retrospective nature of this study, video footage of the interictal pe-
riod was not always available. Thus, we could not obtain HRV parame-
ters of the basal period, which can be different from those of the
preictal period [20]. Further prospective studies are essential to explore
the possible effects of seizure laterality on the transition from the basal
to the preictal period in the autonomic nervous system.
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