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Abstract: Background and Objectives: Abnormal epileptic discharges in the brain can affect the central
brain regions that regulate autonomic activity and produce cardiac symptoms, either at onset or
during propagation of a seizure. These autonomic alterations are related to cardiorespiratory distur-
bances, such as sudden unexpected death in epilepsy. This study aims to investigate the differences
in cardiac autonomic function between patients with temporal lobe epilepsy (TLE) and frontal lobe
epilepsy (FLE) using ultra-short-term heart rate variability (HRV) analysis around seizures. Materials
and Methods: We analyzed electrocardiogram (ECG) data recorded during 309 seizures in 58 patients
with epilepsy. Twelve patients with FLE and 46 patients with TLE were included in this study. We
extracted the HRV parameters from the ECG signal before, during and after the ictal interval with
ultra-short-term HRV analysis. We statistically compared the HRV parameters using an independent
t-test in each interval to compare the differences between groups, and repeated measures analysis of
variance was used to test the group differences in longitudinal changes in the HRV parameters. We
performed the Tukey—Kramer multiple comparisons procedure as the post hoc test. Results: Among
the HRV parameters, the mean interval between heartbeats (RRi), normalized low-frequency band
power (LF) and LF/HF ratio were statistically different between the interval and epilepsy types in
the t-test. Repeated measures ANOVA showed that the mean RRi and RMSSD were significantly
different by epilepsy type, and the normalized LF and LF/HEF ratio significantly interacted with
the epilepsy type and interval. Conclusions: During the pre-ictal interval, TLE patients showed an
elevation in sympathetic activity, while the FLE patients showed an apparent increase and decrease
in sympathetic activity when entering and ending the ictal period, respectively. The TLE patients
showed a maintained elevation of sympathetic and vagal activity in the pos-ictal interval. These
differences in autonomic cardiac characteristics between FLE and TLE might be relevant to the ictal
symptoms which eventually result in SUDEP.

Keywords: epilepsy; cardiac autonomic alteration; heart rate variability; frontal lobe epilepsy;
temporal lobe epilepsy
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1. Introduction

Epilepsy is the second-most functionally distressing neurological disease worldwide
and affects 6.38 out of 1000 people [1,2]. The most common types of epilepsy are temporal
lobe epilepsy (TLE) and frontal lobe epilepsy (FLE). They are classified depending on the
location of the epileptogenic zone, which can be differentiated using electrophysiological,
semiological, and imaging findings [3-5]. TLE is generally characterized by a prolonged
duration of automotor seizures and post-ictal confusion, while FLE patients more frequently
tend to have hypermotor seizures with a shorter latency to secondary generalization [4,6].
Cardiovascular autonomic regulation is impaired in patients with TLE, FLE or chronic
refractory epilepsy during the interictal state, manifested by impaired heart rate variability
in response to various stimuli or the reduced uptake of 123I-metaiodobenzylguanidine, a
marker of postganglionic sympathetic dysfunction [7-10].

Although the mechanism underlying autonomic dysfunction in epilepsy patients is
not fully elucidated, alteration in cardiac ion channel expression and the detrimental effects
of cortical epileptic discharge on centrally mediated cardiac outputs are the suggested
pathophysiology [11]. Abnormal epileptic discharges in the brain also can affect the
central brain regions that regulate autonomic activity and cause these cardiac symptoms,
either at onset or during propagation of a seizure [12]. These autonomic alterations
that are related to cardiorespiratory disturbances, such as tachycardia, bradycardia or
asystole, can result in sudden unexpected death in epilepsy (SUDEP) [12-16]. Among the
cardiorespiratory disturbances, ictal tachycardia is most commonly reported [17]. On the
other hand, ictal bradycardia is a relatively rare phenomenon that can be identified in
less than 6% of complex partial seizures [18]. Ictal asystole is a more infrequent symptom
that was observed in 0.27% of 6825 patients who underwent video-EEG monitoring [19].
Excessive activation of the sympathetic nervous system due to intense seizures possibly
contributes to cardiopulmonary dysfunction [20,21] and prolonged suppression of brain
activity [22], which can cause impaired arousal independent of the functions of the heart.
These intense seizures that are characteristic of epilepsy can cause compensative responses
(e.g., elevated adenosine levels) that can eventually result in SUDEP [23].

Heart rate variability (HRV) analysis is considered one of the most accurate indicators
of sympathovagal balance in the autonomic nervous system (ANS) [24]. Recently, there has
been increased interest in monitoring HRV in epileptic patients [25] due to the association
between dysregulation of the cardiac autonomic nervous system and long-term morbidity
and mortality in epileptic patients [26,27]. HRV monitoring can be utilized to understand
this pathophysiology and develop a preventive measure for SUDEP. Previous studies
comparing HRV between temporal lobe epilepsy and frontal lobe epilepsy are scant, except
for our previous report, in which only analysis of the heart rate was performed [28].
Another previous study compared HRV between frontal lobe epilepsy and controls, but
their analysis was limited to the interictal state [10].

Conventional HRV analysis requires a long-term heart rate sequence (e.g., 24-h mea-
surements). Long-term HRYV is useful to assess the homeostatic mechanisms related to
circadian rhythms, the core body temperature, sleep cycle and general metabolism. There-
fore, long-term HRV has been considered the gold standard for clinical HRV assessment [29].
For example, 24-h measurements of HRV were used to predict cardiac risks such as acute
myocardial infarction or chronic heart failure [30-32]. However, the applicability and
reliability of short-term HRV analysis, which can be performed with shorter heart rate
sequences (~5 min), have been established in various fields since 1996 [33-35]. Short-term
HRYV analysis is useful for focusing on the effects of the interaction between sympathetic
and parasympathetic branches of the ANS and respiration sinus arrhythmia (RSA) rather
than the effect of general circadian periodicity [36]. Short-term HRV analysis also can be
used in epileptic patients to investigate cardiac alterations around ictal onsets [37-40].

Recently, several investigations have shown the possibility for HRV analysis with a
shorter recording interval. This approach is called ultra-short-term HRV analysis, which
refers to HRV analysis with less than five-minute intervals. Several researchers have inves-
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tigated the reliability of this method. For example, Salahuddin et al. [41] showed that 60 s is
enough to estimate the HRV parameters in 24 healthy subjects. Nussinovitch et al. [42,43]
investigated the minimum length of heat rate sequences to estimate the HRV parame-
ters computed within a five-minute interval. They showed that a 60-s interval is enough
time to approximate most HRV parameters. Other studies [44-46] also demonstrated that
ultra-short-term HRV analysis might be an effective surrogate method.

We hypothesized that ultra-short-term HRV analysis could be useful to assess the
autonomic alterations around the ictal interval, which are related to the differences in the
post-ictal conditions between epilepsy types. The objective of this study was to assess
the differences in autonomic patterns within each interval (pre-ictal, ictal and post-ictal)
between patients with FLE and patients with TLE using ultra-short-term HRV analyses.

2. Materials and Methods
2.1. Study Population

We retrospectively reviewed the medical records of the Samsung Medical Center
Epilepsy Monitoring Unit between 2014 and 2019. Subjects were identified from a database
with the following criteria: (1) definite TLE or FLE with electrophysiologic, semiologic and
imaging findings, (2) the presence of ictal tachycardia, defined by HR > 100 bpm or a >20%
increase in the baseline HR, (3) identifiable QRS complexes on an ictal ECG, (4) partial
seizure without secondary generalization and (5) more than 180-s intervals between ictal
events. Patients who had probable psychological paroxysmal events were excluded from
this study.

This study included 58 patients (36 males and 22 females) between 8 and 71 years
of age (mean age: 33.1 £ 15.7). Among them, 12 patients had frontal lobe epilepsy and
46 patients had temporal lobe epilepsy. The group of patients with frontal lobe epilepsy con-
sisted of 3 females and 9 males with an age range of 8-70 years (mean age: 18.3 & 7.8 years).
The mean number of seizures for each patient with frontal lobe epilepsy was 5.8 (£3.4),
and the mean ictal duration was 79.4 (£59.9) s. The group of patients with temporal
lobe epilepsy consisted of 19 females and 27 males between 18 and 71 years of age (mean
age: 36.5 &= 14.4 years). The mean number of seizures for each patient with temporal lobe
epilepsy was 5.2 (£3.2), and the mean ictal duration was 98.8 (£50.4) s.

All patients underwent presurgical noninvasive evaluations, which included a video-
EEG recording of habitual seizures, 3.0-Tesla brain magnetic resonance images (MRIs),
18F-FDG fluorodeoxyglucose (918F-FDG) positron emission tomography (PET) scans, sub-
tracted 99m-Tc ECD ictal single-photon emission computed tomography scans, a complete
neuropsychological examination and intracarotid amobarbital tests. For the presurgical
evaluation, the patients were hospitalized in the epilepsy monitoring units to monitor their
semiology and biosignals, such as by EEG and ECG. After these studies were reviewed
in multidisciplinary intensive epilepsy conferences, the type of epilepsy and therapeutic
strategies were identified.

This study was approved by the Institutional Review Board of Samsung Medical
Center (IRB No. 2019-12-104-003, 8 January 2021) and conducted under the principles
of the Declaration of Helsinki. The requirement for individual informed consent for this
study was waived by the Institutional Review Board, as it was a retrospective study using
electronic medical records.

2.2. Materials

According to the inclusion criteria, we retrospectively collected the electrocardiogram
recordings of 309 seizure events (70 for FLE and 239 for TLE) from 58 patients (12 for
FLE and 46 for TLE). The ECG recordings were conducted in the epilepsy monitoring
unit. During hospitalization in the epilepsy monitoring unit, patients stopped taking
antiepileptic drugs to inspect the semiology during seizures. The electroclinical data were
reviewed separately by two epileptologists, who determined and marked the onsets and
ends of seizures based on a scalp EEG to define the ictal interval. The EEG signals which
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could provide the most exact timing of a seizure were used to precisely define the onset
and offset of each seizure. Along with the annotation from the EEG signals, we analyzed
the ECG signals from three intervals. The first interval was the pre-ictal period, which was
defined as the three minutes before seizure onset. The second interval was the post-ictal
period, defined as the three minutes after seizure offset. Lastly, the ictal interval was the
period during the seizure. The demographic and clinical data of the subjects are described
in Table 1.

Table 1. Demographical and clinical information of patients in the study population.

Total (n: 58) FLE Group (n: 12) TLE Group (n: 46) p-Value *
Sex (M/F) 36/22 9/3 27/19 0.22
Age at evaluation 33.1+15.7 183 £7.8 36.5 = 14.4 0.01
Age at seizure onset 20.3 = 16.6 16.3 £16.0 21.3 £ 16.6 0.29
Disease duration (years) 158 £9.7 11.5£5.6 169 £ 104 0.07
Etiology of epilepsy
Cryptogenic 11 8 3
Hippocampal sclerosis 26 0 26
Cortical malformation 3 2 1
Tumor 4 1 3
Vascular malformation 5 1 4
History of encephalitis 5 0 5
Destructive lesion 1 0 1
Frequency of seizure
Daily 13 5 8
Weekly 22 5 17
Monthly 21 2 19
Yearly 2 0 2
Number of seizures 53133 58+34 52432 0.57
Duration of seizures (sec) 94.4 +£53.2 79.4 £ 59.9 98.8 £+ 50.4 0.02
Number of AEDs previously 23414 26+10 028
used
Laterality (Rt/Lt/bilateral)
Rt 6 19
Lt 4 21
Bilateral or non-lateralized 2 6

FLE: frontal lobe epilepsy; TLE: temporal lobe epilepsy; AED: antiepileptic drug; * p-value indicates significant difference between epilepsy
types (FLE and TLE).

ECG data were collected using the NicoletOne LTM system (Natus Medical Incorpo-
rated, Pleasanton, CA, USA) with a sampling rate of 512 Hz. The ECGs were recorded with
two electrodes located at the shoulders to record the lead 1 channel. After the ECG signals
were acquired, we filtered them to remove noise due to subject movements, breathing
and muscle electrical activity. We applied a third-order Butterworth 0.5 Hz high-pass
filter to remove baseline wander and a 60-Hz notch filter to remove powerline interfer-
ence [47]. A moving average low-pass filter with a 20-Hz cutoff frequency was used to
filter electromyogram artifacts from the ECG signals [48].

With the filtered ECG signal, we extracted the R peak and the RR interval with the
wavelet transform-based QRS complex detector method [49]. Ectopic beats were detected
and excluded by a method based on the HRV signal [50]. A heartbeat was considered
ectopic if there was a percentage change of 20% over the average five beats before and
after. For ultra-short-term HRV analysis, a single ectopic beat could distort the result.
Therefore, after the filtering process, every record was investigated by clinicians to confirm
the reliability of the detected R points. The process of filtering and HRV analysis was
conducted with MATLAB (The MathWorks, Inc., Natick, MA, USA) software.
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2.3. Heart Rate Variability Analysis

The HRV parameters were extracted from the time and frequency domains [24]. For
time domain analysis, we used the mean value of the RR interval (mean RRi), the standard
deviation of all RR intervals (SDNN) and the root mean square of the successive differences
(RMSSD). For frequency domain analysis, we applied the Lomb-Scargle (LS) periodogram
to calculate the power spectral density of the HRV [51]. The LS periodogram is a spectral
analysis method for unevenly sampled data. Previous research demonstrated that the
LS periodogram is most appropriate for short-term spectral analysis than other spectral
methods that require resampling. The LS periodogram has been shown to mitigate errors
due to missing data, such as those due to corruption or ectopy [52,53]. Therefore, we
used the LS periodogram to compute the frequency parameters of the ultra-short-term
HRYV analysis.

The power of the heart rate spectrum was divided into two components: low frequency
(0.04-0.15 Hz) and high frequency (0.15-0.4 Hz). The power of each band was normalized
by its ratio with the total power of the heart rate spectrum, except for the very low frequency
band (less than 0.04 Hz). It is generally agreed that the LF band is influenced by both
sympathetic and vagal activity, and the HF band represents only vagal activity [39,54,55].
To distinguish the influence of parasympathetic activity on the LF spectral power, the
LF/HEF ratio was calculated as an indicator of sympathovagal balance [56,57].

2.4. Statistical Analysis

Statistical analyses were performed with Stata, version 15 (StataCorp. 2017; Stata
Statistical Software, Release 15; College Station, TX: StataCorp LLC). A p-value < 0.05 was
considered statistically significant. First, we compared the HRV parameters in each interval
to determine the differences between groups using the independent t-test for each ictal
record. Then, repeated measures analysis of variance (ANOVA) was used to assay the
group differences in the longitudinal HRV changes for the three intervals (pre-ictal, ictal
and post-ictal) as the within-subjects factor and the group (FLE and TLE) as the between-
subjects factor. As a post hoc test, we performed the Tukey—Kramer multiple comparisons
test (o« = 0.05) [58].

3. Results

The results of the independent t-test for each interval are described in Table 2. This
shows that the mean RRi was statistically different by epilepsy type (p = 0.012 for pre-ictal
and p < 0.001 for ictal and post-ictal). For the frequency domain HRV parameters, the
normalized LF was statistically significantly different in the pre-ictal interval (p = 0.023) and
ictal interval (p < 0.001) compared with the other groups. The LE/HF ratio was significantly
distinct in the ictal interval (p = 0.010).

Table 2. Independent t-test of the HRV parameters between FLE and TLE in each interval.

Interval HRYV Parameter FLE Group TLE Group p-Value
Pre-ictal Mean RRi (ms) 865.7 &= 166.3 811.4 4 156.5 0.012
SDNN (ms) 73.1 £44.6 79.3 +425 0.296
RMSSD (ms) 45.2 £ 25.9 54.4 + 32.3 0.031
Normalized LF (%) 26.7 + 11.2 30.7 = 13.5 0.023
Normalized HF (%) 21.0 £ 144 24.7 £16.2 0.088
LF/HF 20+£17 21+23 0.892
Ictal Mean RRi (ms) 632.6 &= 129.0 559.7 & 97.5 <0.001
SDNN (ms) 98.5 £ 44.0 96.4 £ 46.1 0.734
RMSSD (ms) 56.1 +34.2 60.1 +39.8 0.443
Normalized LF (%) 37.2 +21.0 27.3 +20.3 <0.001
Normalized HF (%) 169+ 153 20.0 £18.5 0.190
LF/HF 4.8 £ 5.0 31+48 0.010
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Table 2. Cont.

Interval HRYV Parameter FLE Group TLE Group p-Value
Post-ictal Mean RRi (ms) 719.2 4 149.2 657.8 4+ 129.4 <0.001
SDNN (ms) 85.0 £41.9 85.8 £49.6 0.897
RMSSD (ms) 434 +23.4 50.5 +32.3 0.088
Normalized LF (%) 258 +13.1 27.8 +14.7 0.308
Normalized HF (%) 17.0 £ 13.9 172+ 12.0 0.901
LF/HF 27+24 25+25 0.726

Mean RRi: mean number of inter-beat intervals between successive heartbeats; SDNN: a standard deviation of the normal-to-normal
interval; RMSSD: square root of the mean of the sum of the squares of the differences between consecutive normal-to-normal intervals;
normalized LF: the relative power of the frequency band (0.04-0.15 Hz); normalized HF: the relative power of the high-frequency band
(0.15-0.4 Hz); LF/HF: a ratio of low- to high-frequency power. Bold indicates a p-value less than 0.05.

In Table 3, repeated measures ANOVA showed that the mean RRi and RMSSD were
statistically different by epilepsy type (p < 0.001 for mean RRi and p = 0.011 for RMSSD).
However, those two parameters did not significantly interact with the interval. On the
other hand, the interaction between the epilepsy type and the interval was statistically
significant for the normalized LF (p < 0.001) and LF/HF (p = 0.013).

Table 3. Repeated measures ANOVA for HRV parameters.

HRYV Parameter Source 11%, F p-Value
Mean RRi (ms) Type 0.037 35.49 <0.001
Interval 0.280 179.07 <0.001

TYPE x Interval 0.001 0.26 0.767

SDNN (ms) Type 0.000 0.20 0.651
Interval 0.025 11.89 <0.001

TYPE x Interval 0.001 0.45 0.636

RMSSD (ms) Type 0.007 6.58 0.011

Interval 0.138 6.46 0.002

TYPE x Interval 0.007 0.32 0.729

Normalized LF (%) Type 0.001 1.02 0.313
Interval 0.013 6.23 0.002

TYPE x Interval 0.025 11.55 <0.001

Normalized HF (%) Type 0.004 3.75 0.053
Interval 0.018 8.21 <0.001

TYPE x Interval 0.002 0.79 0.454

LF/HF Type 0.005 5.00 0.026
Interval 0.036 17.21 <0.001

TYPE x Interval 0.009 4.39 0.013

17%: effect size as partial eta squared; Mean RRi: mean number of inter-beat intervals between successive heartbeats; SDNN: a standard
deviation of the normal-to-normal interval; RMSSD: square root of the mean of the sum of the squares of the differences between consecutive
normal-to-normal intervals; normalized LF: the relative power of the frequency band (0.04-0.15 Hz); normalized HF: the relative power of
the high-frequency band (0.15-0.4 Hz); LF/HF: a ratio of low- to high-frequency power. Bold indicates a p-value less than 0.05.

Multiple post hoc comparisons showed that the FLE patients had significantly in-
creased normalized LF for the ictal interval (M = 37.2, SD = 21.0) compared with that of the
pre-ictal interval (M = 26.7, SD = 11.2) (Table S1). In addition, multiple linear regression
analysis was performed, with the differences of the normalized LF between the pre-ictal,
ictal and post-ictal intervals as the dependent variables (Table 4). Of the independent
variables, the type of epilepsy and seizure frequency were significant predictors of the
difference of the normalized LF between pre-ictal and ictal HRV. However, only the seizure
frequency was a significant predictor of the difference in the normalized LF between ictal
and post-ictal HRV.
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Table 4. Multiple linear regression analysis with HRV parameters.

Independent Variables B t p-Value
With the difference in the normalized LF between pre-ictal and ictal HRV as the dependent variables
Sex 3.39 1.13 0.258
Number of AED —2.15 -1.92 0.056
Epilepsy type 9.36 2.59 0.010
Seizure frequency -5.75 -3.24 0.001

R? = 0.101; adjusted R? = 0.090

With the difference in the normalized LF between ictal and post-ictal HRV as the dependent variables

Sex
Number of AED
Epilepsy type
Seizure frequency

—1.60 —-0.49 0.622
1.08 0.89 0.374
—6.76 —-1.73 0.084
6.25 -3.26 0.001

R? = 0.072; adjusted R? = 0.060

f3: standardized regression coefficient; HRV: heart rate variability; normalized LF: the relative power of the frequency band (0.04-0.15 Hz).
Bold indicates a p-value less than 0.05.

The normalized LF was reduced immediately in the post-ictal interval (M = 25.8,
SD =13.1) and showed a significant decrease from the ictal interval and no significant
difference with that of the pre-ictal interval. On the other hand, TLE showed a modest
decrease in the LF band from the pre-ictal interval to the post-ictal interval, but there were
no significant differences in the normalized LF between intervals (Figure 1).

@ * * (b)

60 60

8

Normalized LF
Normalized LF

N
S

Pre Ictal Post Pre Ictal Post

Figure 1. Comparison of normalized LF between intervals in the (a) FLE group and (b) TLE group.
* Indicates significant different between intervals (pre-ictal, ictal, and post-ictal). # Indicates significant
different between types (FLE and TLE) at same interval.

However, the LF/HF ratio showed interesting results. The FLE patients showed a
significant increase in the LF/HEF ratio for the ictal interval (M = 4.8, SD = 5.0) compared
with that of the pre-ictal interval (M = 2.0, SD = 1.7) and decreased immediately in the
post-ictal interval (M =2.7, SD = 2.4). On the contrary, the TLE patients showed a significant
increase in the ictal interval (M = 3.1, SD = 4.8) compared with the pre-ictal interval (M =2.1,
SD = 2.3), but the increase was prolonged in the post-ictal interval (M = 2.5, SD = 2.5) and
showed no significant difference between the ictal and post-ictal intervals (Figure 2).

LF/HF ratio
LF/HF ratio

é

Pre Ictal Post

Pre .I;:.t.al. Post
Figure 2. Comparison of the LF/HF ratio between intervals for the (a) FLE group and (b) TLE

group. * Indicates significant different between intervals (pre-ictal, ictal, and post-ictal). # Indicates
significant different between types (FLE and TLE) at same interval.
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4. Discussion

This study aimed to investigate the cardiac autonomic differences between temporal
lobe epilepsy and frontal lobe epilepsy by analyzing heart rate variability during the
pre-ictal, ictal, and post-ictal intervals.

4.1. Alteration of ANS Control on HRV in the Ictal Interval

Most of the HRV parameters in the time and frequency domain changed significantly
in the ictal interval (Tables 2 and 3). In the time domain analysis, a decrease in the mean
RRi was noted during the ictal interval, which manifested as ictal tachycardia. Increases in
the standard deviation of all RR intervals (SDNN) and root mean square of the successive
differences (RMSSD) were found during the ictal interval. In a previous report, the SDNN
and RMSSD were increased in patients with epilepsy in the interictal condition compared
with the normal controls [39]. This increase exhibited in epilepsy patients is thought to
be augmented during the ictal period. The SDNN is related to the activity of both the
sympathetic nervous system (SNS) and the parasympathetic nervous system (PNS), and it
is highly correlated with the LF band power and total power [59]. The RMSSD reflects the
beat-to-beat variance in HR and is primarily related to vagally mediated changes [29].

Among the frequency domain parameters, the observed combined increment of the
LF/HEF ratio supports the presence of higher sympathetic activity during the ictal interval.
Many previous studies have reported those sympathetic dominance features in the interictal
condition [10,25,39,40,60], but the trend is highlighted in the ictal interval.

4.2. Differences in HRV Parameters between Frontal Lobe Epilepsy and Temporal Lobe
Epilepsy Patients

In a comparison of HRV parameters between frontal lobe epilepsy and temporal
lobe epilepsy patients, we found that the TLE patients had a lower mean RRi during the
pre-ictal, ictal and post-ictal periods compared with the FLE patients. Since the mean
RRi is inversely correlated with the degree of tachycardia, the observed increases in the
mean RRi in TLE patients indicate that ictal tachycardia was more prominent in this group,
which is consistent with our previous report [28]. In detail, the pre-ictal period had a
lower RRi, higher RMSSD and normalized LF in the TLE group. Since the RMSSD is
used to estimate the vagal tone or parasympathetic activity, and the normalized LF is
indicative of sympathetic and vagal activity, the observed findings in the TLE patients
suggest that sympathetic and vagal activity are more active in the TLE group during the
pre-ictal condition compared with FLE patients. Meanwhile, during the ictal interval, the
normalized LF and LF/HF ratio were higher in the FLE group, indicating that the FLE
patients had more activated sympathetic or vagal activity during the ictal interval. In
the post-ictal period, however, there was no significant difference in the HRV parameters
between the TLE and FLE patients.

4.3. Interval-Related Changes in HR Parameters

Both types of epilepsy are associated with an increase in HR during the ictal inter-
val, which is related to ictal tachycardia, an autonomic manifestation of seizures [61,62].
Previous studies reported two patterns during the development of ictal tachycardia: one
with a steady HR increase and the other with an abrupt HR increase [63,64]. The FLE
patients in the ictal interval demonstrated a higher LF and LF/HF compared with both the
pre-ictal and post-ictal intervals, indicating an abrupt sympathetic increase and decrease
before and after the ictal period, respectively. In the TLE patients, on the other hand, a
significant change was observed only in the LF/HF ratio from the pre-ictal to the ictal
interval, indicating that the sympathetic tone increased in the ictal interval and remained
high during the post-ictal period. This finding is in line with previous works [28,63] that
demonstrated a steady increase in HR and slow recovery to baseline in TLE patients.
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4.4. HRV Parameters and Their Clinical Interpretation

In this study, a pattern of HRV in the TLE patients was characterized by pre-ictal
elevation of the sympathovagal tone and subsequent increase and maintenance in sym-
pathetic activity during the ictal and post-ictal periods. On the contrary, the FLE patients
were marked by an abrupt rise and fall of the sympathetic tone when entering and leaving
the ictal period. An enhanced sympathovagal state in the pre-ictal TLE patients can be
explained by anatomic resemblance or proximity of epileptogenic focus in the TLE to the
adjacent limbic system, such as the amygdala, hippocampus or insula, which are known
parts of the central autonomic network [65].

FLE patients, on the other hand, are characterized by a shorter seizure duration and
more frequent secondary generalization than TLE patients, and these characteristics can be
related to a more abrupt and stronger rise in the sympathetic tone during the ictal period
in FLE patients. Since the thalamus is a subcortical structure known to be involved in
ictal cardiac changes as well as in seizure generalization [15], it can be postulated that the
thalamus is involved more frequently in FLE patients during the ictal event than it is in
TLE patients.

In the temporal lobe, the amygdala is highly and widely connected with the autonomic
structures of the hypothalamus and brainstem that can induce complex autonomic dis-
turbances. Enhanced vagal activity in TLE patients during the ictal and post-ictal periods
can be a compensatory mechanism against the prolonged elevation in the sympathetic
tone observed in pre-ictal and post-ictal intervals. Meanwhile, the finding that an elevated
sympathetic tone in the TLE patients remained high in the post-ictal period can be related
to the phenomenon of prolonged post-ictal confusion in this group [4], because limbic
activation is believed to be involved in both autonomic homeostasis and psychosomatic
awareness [66]. With parasympathetic hyperactivity, which might be related to impaired
autonomic regulation in the brainstem, post-ictal coactivation of sympathetic and parasym-
pathetic systems increases the likelihood of SUDEP [67]. A meta-analysis of 39 studies that
evaluated HRV in patients with epilepsy confirmed the hypothesis of sympathovagal imbal-
ance in epilepsy, as shown by the lower values of parasympathetic activity when compared
with the controls [68], and it was suggested that this might play a role in the mechanism of
SUDEP. According to the adenosine hypothesis of SUDEP [69], seizure-induced adenosine
release with impaired metabolic clearance by astrocytes, specifically in the brainstem, may
trigger lethal apnea or cardiac arrest, which eventually results in SUDEP.

There are some limitations to this study. Although we ascertained the differences in
HRYV between TLE and FLE patients, the sample size was relatively small. Even though
ictal tachycardia is the most common symptom among the cardiorespiratory disturbances
in patients with epilepsy, further studies with other cardiorespiratory disturbances like ictal
bradycardia and ictal asystole are needed for the understanding and prevention of SUDEP.
Additionally, we focused on HRV patterns around the ictal interval with ultra-short-term
HRYV analysis. However, the HRV was also affected by the circadian rhythm and antiepilep-
tic drugs. Therefore, a future study that considers the effects of a circadian rhythm and
antiepileptic drugs is recommended. The HRV is also under the effect of circadian variation
in its nature. The alternation of HRV around the ictal period is directly due to seizures, but
there may be an underlying effect of the circadian variation. Likewise, even though the
included patients stopped taking antiepileptic drugs during their hospitalization, there
could be long-lasting effects of previously taken antiepileptic drugs on ANS, which may
cause alternations in HRV. Therefore, to clarify those underlying effects on HRV during
seizures, further studies are recommended to be performed with cohorts monitored for a
long term.

5. Conclusions

In this study, we investigated the differences between TLE and FLE patients with
ultra-short-term HRV analysis. We showed that the patients with TLE and FLE had differ-
ent HRV profiles in the pre-ictal, ictal and post-ictal intervals. The TLE patients exhibited
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elevated sympathetic or vagal activity during the pre-ictal condition, while the FLE pa-
tients showed a marked increment and decrement in sympathetic tone when entering
and leaving the ictal period. The TLE patients showed sustained post-ictal elevation in
sympathetic and vagal activity. These results could be useful in two ways. First, the acute
alteration of cardiac functions during seizures could give information on lateralization of
the seizure, since the central autonomic control centers could be hemispherically localized.
Secondly, these findings could be used to understand the underlying pathophysiological
mechanisms of SUDEP. The exact mechanism of SUDEP is still unknown and multifactorial,
but cardiovascular dysfunction could be one of the triggers. Therefore, the ultra-short-term
HRYV analysis, which is useful to monitor the acute sympathetic or vagal activity around
the ictal, could predict the risk of fatal cardiovascular malfunctions in the future.
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