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Objective: : Seizure-related modulation of heart rate (HR) was examined extensively in previous studies.
However, the overall effect on HR attributable to epileptic seizures is difficult to determine, given the con-
siderable fluctuations of HR before and during seizures. Here, we developed a semi-automatic procedure al-
lowing quantification of the total impact of seizures on HR and determination of temporal relationships between
seizure onset assessed by intracranial EEG (iEEG) and ECG.
Methods: : ECG and iEEG data of epilepsy patients undergoing video-EEG telemetry for epilepsy surgery with
bilateral hippocampal depth electrodes were analysed retrospectively. Consecutive RR intervals and HR profiles
were determined using R detection algorithms. Novel features including the normalized ictal area under the
curve (niAUC), as well as the time point of ECG onset (HR breakpoint) were calculated. Selected HR features
were compared to widely-used manually acquired measures. Data are given as median ± SD.
Results: : Fifteen patients had a total of 34 seizures with left-hippocampal and 37 seizures with right-hippo-
campal onset. HR increased by 9 ± 19% during seizures. Latency between iEEG seizure-onset to the HR
breakpoint was 23 ± 22 s. No significant difference between left- and right-hippocampal seizures was observed
with respect to HR increases, latencies and niAUC. A comparison between results of the semi-automatic and
manual approach revealed that ictal HR changes showed a higher correlation (r = 0.6) than niAUC (r = 0.4).
Conclusions: : The proposed semi-automatic approach to analyze continuous HR data provides useful tools for
estimating the overall effect of seizures on HR in greater detail. Our results suggest that the side of hippocampal
seizure onset has no significant effect on the latency and extent of ictal HR changes. The algorithms may be of
further use in clinical research and the development of seizure detection devices.

1. Introduction

Brain regions involved in the autonomic nervous system (ANS) can
be affected during epileptic seizures, resulting in a variety of autonomic
symptoms. Previous studies analysed features of HR with regard to their
localizing and lateralizing value in people with epilepsy (Britton et al.,
2006; Garcia et al., 2001; Kawai et al., 2006; Leutmezer et al., 2003;
Moseley et al., 2011; Panchani et al., 2011). Ictal tachycardia (ITC)
occurs frequently, either as a consequence of excessive movement or
due to spread of seizure activity into regions of the central ANS. ITC
appears to occur more frequently in seizures of temporal lobe origin
(Garcia et al., 2001; Weil et al., 2005). Ictal bradycardia, albeit far less
prevalent, is of greater clinical interest due to its hemodynamic con-
sequences (Britton et al., 2006; Hampel et al., 2017; Reeves et al.,
1996). Recent studies also examined temporal relationships between
EEG seizure onsets and ECG changes with potential relevance for

closed-loop intervention systems based on HR (Hirsch et al., 2015;
Leutmezer et al., 2003).

Most previous studies have capitalized on threshold-based detection
of seizure-related HR changes which are limited by the fact that this
approach usually does not take the entire duration of the seizure into
account. Moreover, individual thresholds are often selected arbitrarily
for each seizure or patient despite the existence of established thresh-
olds such as 100 bpm for ITC and 60 bpm for ictal bradycardia. In a
recent study we investigated whether ictal HR modulation depends on
the hemisphere of seizure-onset (Surges et al., 2013). Since a quanti-
tative approach was required, we captured maximum deviations from a
pre-ictal reference HR snapshot under the assumption that the maximal
or minimal HR deflection from a pre-ictal baseline value adequately
reflects the overall degree of influence the seizure has on cardiac action.
Because of EMG and movement artifacts, HR was sampled manually
(“manual max method”). Similar approaches were also chosen in
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previous studies by other authors in epilepsy research as well as in
treadmill exercise studies (Jouven et al., 2005; Nashef et al., 1996;
Opherk et al., 2002; Zijlmans et al., 2002).

While the manual max method is a measure of the maximal extent
to which HR is altered after seizure onset, it does not consider any other
HR changes over the entire course of the seizure, which upon closer
inspection often follow complex dynamics and therefore likely contain
valuable information about the overall impact a seizure may have on
the ANS. Here, we developed and applied novel measures of ictal HR
analysis to characterize seizure-related effects on HR in greater detail.
Furthermore, we analysed latencies between EEG seizure-onset to ECG
breakpoint (Hirsch et al., 2015; Kato et al., 2014; Stefanidou et al.,
2015).

2. Materials, methods and patient collective

2.1. Patients

Video-EEG data of patients with medically refractory mesial tem-
poral lobe epilepsy undergoing presurgical video-EEG monitoring be-
tween January 2000 and December 2011 in the Department of
Epileptology at the University Hospital Bonn (Germany) were reviewed
retrospectively. Since this study is a retrospective audit of EEG and ECG
data collected during clinical procedures, informed patient consent was
not required. The study was approved as such by the local medical
ethics committee (Ethikkommission an der Medizinischen Fakultät der
Rheinischen Friedrich-Wilhelms-Universität Bonn). The patient group
and electrophysiological data analysed in this study were already re-
ported in one of our previous studies (Surges et al., 2013). All patients
were implanted with bilateral hippocampal depth electrodes and had at
least 2 recorded seizures with independent onset from each hippo-
campus. A summary of the clinical details is given in Table 1.

2.2. Manual EEG and ECG analysis

EEG data acquisition was performed with a Stellate Harmonie di-
gital video-EEG system (Version 5.4, Schwarzer GmbH/Natus,
Germany) using up to 128 channels, a 200 Hz sampling rate and a 16-
bit analog-to-digital converter. Data were band pass filtered between
0.016 and 70 Hz. ECG recordings were acquired simultaneously with
iEEG from a modified lead-I configuration. The main prerequisite for
ictal HR analysis is the identification of iEEG seizure onset and pro-
pagation time of seizure activity to the contralateral hemisphere, which
was done manually by reviewing iEEG data with particular focus on the
bilateral hippocampal depth electrodes. The iEEG seizure onset sepa-
rates the pre-ictal and ictal periods both for the manual and the semi-
automatic method. The criteria for a typical seizure of hippocampal
origin are onset with low amplitude fast activity (LAFA) or hypersyn-
chronous discharges (Alarcon et al., 1995; Engel Jr, 2001) and the
modulation of frequency and amplitude of the discharges as the seizure
progresses. The occurrence of such ictal activity in the EEG electrodes
of the contralateral hemisphere in the further course of the seizure was
considered as propagation phenomenon, which was defined as the end
of unilateral activity. The HR analysis was limited to the time interval
before seizure onset until the time point of seizure propagation to the
contralateral hemisphere. To rule out the influence of contralateral
seizure activity on HR as accurately as possible, only the time interval
between seizure onset and propagation was analysed whenever a pro-
pagation was present.

The objective of the manual max method was to get an estimate of
the effect of seizure activity on the central ANS by measuring HR in
ictal ECG recordings at predefined time points in a manual and there-
fore artifact-immune manner. In order to obtain the pre-ictal “baseline”
value for the manual method, four consecutive RR intervals at a fixed
one minute interval prior to seizure onset were measured within the
Stellate Harmonie EEG analysis environment and their mean was

calculated. For the ictal value the same approach was applied at the
moment of maximum HR deviation from the pre-ictal value, which can
be towards lower as well as towards higher HR. The maximum devia-
tion was considered and chosen in order to normalize the recording and
to allow comparison across all analysed seizures. In addition, the
number of seizures during which HR exceeded 100 bpm (which is
commonly defined as tachycardia) was determined. Another approach
to explore effects of the EEG seizure onset on HR is to analyze ictal HR
changes relative to individual baseline values. We therefore defined a
significant HR increase as an increase of the ictal median HR of 2 SD
above the pre-ictal median HR. This approach, however, requires a
semi-automatic ECG analysis, which is described in the next section.

2.3. Semi-automatic ECG analysis

In order to obtain continuous HR profiles across the entire peri-ictal
interval, all seizure recordings were exported in ASCII .txt format from
the Stellate software and the ECG channels and analysed using custom
MATLAB (version R2011a) scripts. Two different algorithms were used
for R detection: the first one was developed by LIBROW™ (Chernenko,
2007) and the second one is a MATLAB implementation of the widely
known Pan Tompkins algorithm (Sedghamiz, 2014). Results of both
algorithms were compared manually for each seizure and results with
greater number of outliers and distorted areas were rejected. Record-
ings that could not be assessed with either of the two algorithms due to
insufficient signal to noise ratio (SNR) were discarded. Because of this
manual review, this approach is referred to as “semi-automatic”. A
custom filter has been developed to remove artifacts and inaccuracies in
the HR profiles, caused by motion and EMG noise in the underlying ECG
data. Outliers in the HR profiles are detected by calculating the dif-
ference between each data point of the raw HR profile and its con-
voluted version and marking data points that lie outside the 1% bounds
of the probability density function of these differences. The MATLAB
code for the filter can be reviewed in the filterHRprofile function in the
supplementary section.

These continuous HR profiles were used to calculate the pre-ictal
baseline, median ictal HR, pre-ictal and ictal AUC as well as the latency
to significant HR changes. The median of all instantaneous pre-ictal HR
values (60/RR in seconds) prior to the seizure onset in iEEG constitutes
the baseline. This baseline value is therefore not to be confused with the
manually determined baseline. It is depicted as the grey horizontal line
in Fig. 3. The median of all HR values during the time interval where
seizure activity in iEEG is limited to the onset hemisphere constitutes
the “automatic median value”, which is shown in Fig. 3 as the purple
(short) horizontal line. Medians were chosen because they are less
sensitive to outliers caused by residual R detection artifacts. HR data in
the time intervals after electroencephalographic spread of seizure ac-
tivity to the contralateral hemisphere is less relevant for our later-
alization analyses, however its relationship with the latency to seizure
propagation was examined. For this analysis the median HR for the time
interval between the propagation and seizure cessation was calculated.
Seizures with a duration of less than 10 s prior to being detectable in the
contralateral hemisphere were also discarded. In order to examine the
amount of false positive HR increases we split the original baseline
interval into two halves, the first of which we consider to represent the
non-peri-ictal period and the second of which constitutes the immediate
baseline interval (immediately preceding the seizure). A false positive
HR increase is detected if in a dataset the median HR of the non-peri-
ictal period exceeds 2 SD of the half of the baseline interval im-
mediately preceding the seizure onset.

In order to calculate the normalized ictal AUC (niAUC) a continuous
function for smoothening was approximated for each HR profile by
convolving the HR data with a gaussian kernel and interpolating the
data points removed by the artifact filter, by means of spline inter-
polation. The area between the smoothened HR graph and the pre-ictal
baseline was calculated for a pre-ictal and ictal interval by means of
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trapezoidal numerical integration as implemented in MATLAB’s trapz
function. The ictal AUC is the area in the time interval between the
seizure onset in iEEG and seizure cessation or spread to the con-
tralateral hemisphere. This exact measure is visualized in Fig. 3 as the
red area. The pre-ictal AUC (not shown in Fig. 3) constitutes the area
under the smoothened HR graph and the pre-ictal baseline but for a
time interval of equal length to the ictal interval to normalize for time.
Its ending is marked by the iEEG seizure onset. The pre-ictal AUC was
subtracted from the ictal AUC to obtain the final niAUC value, which is
higher in case pre-ictal HR is below baseline HR and lower in case pre-
ictal HR is higher than the baseline. niAUC therefore represents the
effect of the EEG seizure onset on HR and is at the same time a measure
for the cumulative effect on unilateral seizure activity on HR.

Computation of the HR breakpoint was accomplished by a novel
statistical algorithm which detects HR increases greater than 1 SD
above the pre-ictal baseline and with certain duration over a minimal
time interval. This minimal time interval is also derived from the pre-
ictal HR data by determining the number of consecutive values being
greater than 1 SD. After random permutation of all pre-ictal in-
stantaneous HR values, this process is repeated 10.000 times. Finally,
the length of the largest of 10.000 “snippets” of consecutive HR values
greater than 1 SD constitutes this minimal time interval. The beginning
of the minimal time interval is defined as the ECG or HR breakpoint.
The MATLAB code was made available in the calculateOnset function in
the supplementary section.

2.4. Statistics

The distribution of the data was tested using the one-sample
Kolmogorov-Smirnov test. For calculation of p-values in the later-
alization analysis, a two-sided Wilcoxon rank sum test was performed,
and data are given as medians ± SD and visualized as
medians ± S.E.M. P values < 0.05 were considered statistically sig-
nificant. MATLAB (versions R2011a and R2016b) was used to imple-
ment both the statistical analysis, as well as data visualisation.

3. Results

In 15 patients, 11 seizures out of a total of 82 had to be discarded
entirely due to low SNR. Thirty-four left-sided and 37 right-sided hip-
pocampal seizures were of sufficient signal quality to undergo further
analysis. The performance of the two different R detection algorithms
differed considerably when ECG artifacts were present in the recordings
(Fig. 1). Overall, the LIBROW algorithm has proven to be more robust
in analyzing the given datasets, failing to provide superior HR profiles
in 3 seizures only, whereas the Pan Tompkins algorithm failed to de-
liver correct ECG analysis results in 9 seizures.

Fig. 1. R detection algorithms differently perform with ECG recordings con-
taining artifacts. In this case, the result of the LIBROW algorithm was chosen
and processed further. A left hippocampal seizure, recorded on patient 187 (as
in Figure 3 and 2 D). The asterisks mark relevant timepoints, as assessed by EEG
review. Red – beginning of unilateral seizure activity, green – propagation to
the contralateral hemisphere, blue – cessation of the seizure.

Fig. 2. Peri-ictal heart rate in temporal lobe epilepsy shows strong
intraindividual as well as interindividual fluctuations. Automatic
data after artifact removal, plotted alongside with the according
manual data. Red graph: seizure activity limited to side of onset.
Green graph: seizure activity propagated to the contralateral
hemisphere. Blue circle: manual pre-ictal measurement. Red
circle: manual ictal max measurement. (A) Patient 111, left-hip-
pocampal seizure: steady increase in HR, which precedes EEG
seizure onset. (B) Patient 111, right-hippocampal seizure without
propagation to the contralateral electrodes with significant pre-
ictal HR fluctuations. (C) Patient 202, left-hippocampal seizure
without propagation with HR decrease. Residual artifacts are
present. (D) Patient 187, left-hippocampal seizure with step-wise
HR increase.
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Importantly, hippocampal seizures display a very variable HR over
time (Fig. 2). The semi-automatic analysis revealed local maxima and
minima in the HR profile throughout the ictal period as well as during
the pre-ictal phase in all seizures. Likewise, the duration of unilateral
seizure activity shows a great variability (58 ± 63 s, range: 10–230 s).
These results suggest that a more detailed semi-automatic analysis is
superior to a manual investigation of seizure-related HR changes by
selecting near-instantaneous HR derived from 4 consecutive RR inter-
vals only. A semi-automatic analysis also allows determination of var-
ious other features.

A summary of novel peri-ictal HR features, as applied to the HR
profiles is shown in Figure 3. The median of all pre-ictal HR values
serves as a solid baseline allowing normalization of ictal AUC and re-
lative ictal HR changes (see Fig. 3, horizontal lines). Furthermore, the
HR breakpoint detection algorithm has proven to be very reliable in
detecting significant HR changes (see Fig. 3, vertical red lines). The
automatically detected HR breakpoint was delayed by 16 ± 22 s as
compared to EEG seizure onset (Fig. 3 B), whereas in some seizures, the
HR breakpoint preceded the EEG onset (Figs. 3 A and C). In 9 seizures,
the latency from EEG seizure onset to HR breakpoint was greater than
the duration of unilateral seizure activity. These seizures were excluded
from the latency analysis.

In a next step, we investigated whether seizures with left-hippo-
campal onset were different from seizures with right-hippocampal onset
with respect to these novel ECG features. In 91% of left-hippocampal
and 70% of right-hippocampal seizures, HR transiently exceeded 100
bpm while still being limited to the onset hemisphere which might
suggest that ictal tachycardia is more common in left-hippocampal
seizures. However, in 21% (n = 7) of left and 28% (n = 9) of right
hippocampal seizures HR exceeded 100 bpm throughout the pre-ictal
interval. Fifty percent of left-sided and 54% of right-sided seizures
displayed a significant heart rate increase of 2 SD above pre-ictal
baseline. Six out of 71 seizures exhibited such false positive increases in
HR and less than 10% of heart beats fell outside 2 SD of the immediate

baseline interval (Supplementary Figure 3). Among simple partial sei-
zures (SPS) the percentage of significant HR increases was the lowest
(25 and 41% for left and right respectively) and among secondary
generalized tonic-clonic seizures 67 vs. 75% displayed a significant
increase (Supplementary Figure 1). No significant difference between
left and right onset seizures was found (p = 0,24). No cases of ictal
bradycardia (i.e. HR < 60 bpm or HR lower than 2 SD below the pre-
ictal median) were observed. Fifty-four seizures occurred at daytime
and 17 have been recorded during nocturnal period. We can observe a
significant difference in baseline HR during nighttime (71.4 bpm ± 14
vs. 85.3 bpm ± 14), which was defined as the time period between
10:00 p.m. to 6:00 a.m. (p = 0.0017). No significant difference in ab-
solute HR increase (11bpm ± 12 vs. 8bpm ± 13, p = 0.24) was ob-
served between night and day (Supplementary Figure 2). In total 37 (21
left and 16 right-hemispheric onset) seizures propagated to the con-
tralateral hemisphere. The median duration until propagation was 42 s
( ± 38 s Range 10–213 s). The median HR after propagation was 125
bpm ( ± 21 bpm range: 78–164 bpm). Median post-propagation HR
was 124 bpm for left-sided and 140 bpm for right-sided seizures. Over
all seizures the absolute change of post-propagation HR compared to
the pre-ictal baseline shows a weak positive correlation (r = 0.0789,
p = 0.6426) to the duration until seizure propagation occurs. Similarly,
the correlation between the duration until seizure propagation and the
median HR during unilateral seizure activity is non-significant
(r = 0.0903, p = 0.5950). A comparison of pre-ictal and ictal HR values
in left and right hippocampal seizures from the automatically computed
data over the entire time intervals, as in manual measurements, re-
vealed no significant lateralization effect (p = 0.95 and p = 0.55, Fig. 4
A). Comparisons of neither normalized ictal AUC nor latencies to sei-
zure onset revealed significant differences between seizures with right
and left-hippocampal onset (p = 0.92 and p = 0.58, Fig. 4 B and C).
Surprisingly, increases of HR determined by the HR breakpoint detec-
tion algorithm preceded the apparent EEG seizure onset in 24% (n = 9,
8.5 ± 2.9 s) of left hippocampal seizures and in 11% (n = 4,

Fig. 3. Summary of all HR features, applied to the examples from
Figure 2. Vertical red line: HR breakpoint, as calculated by the
novel algorithm. Grey horizontal line: median pre-ictal HR
(baseline). Red area: ictal AUC, calculated for the entire unilateral
ictal interval under the spline interpolated (smoothened) curve.
Seizure onset as determined by EEG is marked by the left bound of
the red AUC. The right bound of the red AUC marks seizure ces-
sation or propagation to the contralateral hemisphere (also be-
ginning of the green graph). Purple (short) horizontal line: uni-
lateral ictal HR median. Note: in (A) and (C) the HR breakpoint, as
calculated by the HR breakpoint detection algorithm, precedes the
EEG onset.
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4.7 ± 1.9 s) of right hippocampal seizures. Out of 12 seizures with HR
breakpoints preceding the iEEG onset we found 1 seizure with 2/s slow
waves in the corresponding hippocampal depth electrodes, whereas the
rest featured either LAFA (n = 1) or hypersynchronous spikes (n = 11).
Irregular iEEG patterns are not over-represented among seizures with
premature HR breakpoints.

Finally, we compared the characteristics of the manually de-
termined seizure-related HR to ECG features extracted by semi-auto-
matic analysis. While the manual max method appears to be reasonably
well-suited for determination of the median ictal HR (Fig. 5 A, r = 0.6),
it does not reliably predict the niAUC (r = 0.4) (Fig. 5 B).

4. Discussion

The aims of this study were to develop a more objective, accurate
and precise approach for seizure-related HR analysis and to apply it to

continuous HR data recorded in a highly selected patient group to test
the value of HR as a lateralizing sign in TLE.

4.1. Methodical considerations

As a baseline for the manual max method, one pre-ictal snapshot
was chosen at a fixed time point. Pre-ictal HR can display significant
fluctuations, thereby distorting the baseline. Due to the short time in-
terval being sampled, no accurate estimation of pre-ictal HR variability
is possible. Moreover, our results show that several HR maxima can be
present throughout the course of the seizure. In some studies, besides
maximal HR deflections from the baseline, several HR samples were
taken at fixed time points, which might account for ictal HR fluctua-
tions to a better degree (Garcia et al., 2001; Moseley et al., 2011).
Median ictal and pre-ictal HR are features which incorporate all pre-
ictal and ictal RR intervals, which represent, at least to some extent, the

Fig. 4. Analysis of hemispheric lateralization. No significant lateralization effects are evident in any of the described HR features in the underlying data. Each bar
represents the median of the underlying HR feature values across 34 left or 37 right onset hippocampal seizures ± S.E.M. (A) Comparison of the manual max method
with the automatically calculated median across all ictal HR values. As expected, median max values are higher, however they fail to represent the time variable and
can induce artificial effects. (B) Comparison of median niAUC in left vs. right-hippocampal seizures. (C) Comparison of latencies between iEEG seizure onset and the
HR breakpoint, as calculated by the breakpoint detection algorithm.

Fig. 5. Taking “HR snapshots” correlates less to niAUC than to the median ictal HR. (A) Each data point represents the relative HR change in the manual max method
as well as the automatic median method. A significant correlation is to be expected here. (B) Correlation of the niAUC with the relative HR change in the manual max
method. With the time variable having a greater influence on the ictal AUC, the correlation with the manual “snapshots” becomes less pronounced.
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variability over time and which are rather robust against artifacts.
Therefore, we decided to include this rather conservative feature into
our analyses as a reference. A better representation of the time variable
is achieved by calculating niAUC. Ictal AUC without the normalization
would constitute a measure for the total amount of additional heart-
beats induced by seizures. The normalization considers HR changes
shortly before iEEG seizure onset and therefore corrects for them, re-
sulting in the niAUC, which reflects the HR changes taking place solely
due to iEEG seizure onset. We also addressed the question how well
niAUC and relative HR changes as assessed by the novel semi-automatic
approach are predicted by the manual max method. The correlations
(Fig. 5) show that niAUC is less well predicted by the manual approach,
suggesting that the manual approach fails to give a sufficient estimate
of the total impact that seizures exert on HR.

Pronounced alterations of HR during seizures may be of great
clinical interest, as ictal bradycardia can progress into asystole
(Devinsky, 2004; Schuele et al., 2007) and ITC can be accompanied by
altered atrioventricular conduction as well as atrial and ventricular
extrasystoles, possibly raising the risk for fatal arrhythmia (22–24). ITC
is commonly defined as HR greater than 100 (Hirsch et al., 2015) or 120
bpm (Britton et al., 2006), HR increases greater than 20% (Hirsch et al.,
2015; Stefanidou et al., 2015) or HR being greater than the 98th per-
centile (Moseley et al., 2011). Leutmezer et al. defined ITC as HR being
greater than 1 SD of median pre-ictal HR of all patients in the con-
sidered group. Our results show that artificial effects can result from
choosing different ITC definitions. Since peri-ictal HR shows intra-in-
dividual as well as inter-individual variability which must be accounted
for, we would consider the 98th percentile or 2 SD definition of ITC as
the most suitable for future studies. For the overwhelming majority of
seizures less than 10% of heart beats fell outside 2 SD of the immediate
baseline interval. Unfortunately the available datasets only represented
the peri-ictal period which only had an overall duration in the order of
a few minutes. While this data is suitable for examining several aspects
of HR dynamics shortly before, during and after a seizure onset and
addressing the question of an asymmetrical representation of peri-ictal
HR modulation, it cannot show how often the HR falsely exceeded 2 SD
of a floating baseline calculated well outside of the ictal/immediate pre-
ictal period. For the development of seizure detection systems based on
HR dynamics knowing this false positive rate of tachycardia detections
is crucial, since a high number of false alarms would not be acceptable
to most patients and caregivers. Including accelerometry data might
help to differentiate between ictal HR increases and HR increases due to
physical activity. In our patient collective, we also observed a correla-
tion of HR with clinical severity of the seizure (SPS vs. CPS vs. GTCS)
which was to be expected. No significant difference in absolute HR
increase was observed between night and day suggesting that sleep-
wake-cycles do not modulate the influence of seizures on HR.

In view of variable nature of peri-ictal HR, analysis of continuous
HR data is necessary. Using two different R detection algorithms can
increase the number of successfully analysed ECG datasets due to in-
dividual strengths and weaknesses of each algorithm. In most of our
datasets, filtering of the HR profiles was required. Interpolation of the
resulting “gaps” by means of spline interpolation was mandatory for
calculating the niAUC, since a continuous function is necessary for
trapezoidal numerical integration. These two steps can be omitted if HR
profiles do not contain noteworthy amounts of artifacts. Calculation of
pre-ictal and ictal median HR does not require interpolation.

To our knowledge, this study is the first to assess niAUC in HR
profiles. Leutmezer and colleagues investigated HR dynamics with re-
spect to the EEG seizure onset and found that HR at the time of seizure
onset typically displays two ways of rising (Leutmezer et al., 2003). Our
data suggest that in the further course of the seizure, HR dynamics vary
to a greater extent. Several different patterns, as depicted in Figs. 2 and
3, are possible. In some cases, HR decreases after an initial increase
(Figure 3 and 2 C) or shows a step-wise increase (Figure 3 and 2 D).
niAUC represents these variations, however caution is advised with

ECG data with low SNR. Excessive amounts of artifacts in the resulting
HR profiles, as well as large spline interpolated intervals can distort the
integrals. HR breakpoints in peri-ictal HR profiles were determined in
previous studies with different techniques (Di Gennaro et al., 2004;
Leutmezer et al., 2003; Van Elmpt et al., 2006; Kato et al., 2014). The
present semi-automatic approach based on MATLAB algorithms pro-
vides additional helpful tools, which iare provided as open source files.

In summary, a thorough analysis of continuous HR profiles adds to
our understanding of seizure-related HR modulation. This step allows
for quantification of peri-ictal as well as ictal fluctuations, calculation of
mean or median HR over greater time intervals and finally makes the
calculation of features such as HR breakpoint and niAUC possible.
While HR breakpoints make latency measurements possible, niAUC is a
measure of the cumulative effect of seizure activity on HR and thereby
directly or indirectly on the central ANS.

4.2 Does modulation of HR depend on the hemisphere of seizure-
onset?

In our highly selected patient group with seizures independently
arising from hippocampi of both hemispheres, we did not observe dif-
ferences on any HR feature irrespective of the applied method. Our
findings are in line with a number of previous studies, suggesting that
the side of seizure-onset does not influence peri-ictal HR modulation
(Epstein et al., 1992; Garcia et al., 2001; Hampel et al., 2017; Keilson
et al., 1987; Moseley et al., 2011; Opherk et al., 2002; Rugg-Gunn et al.,
2004; Schernthaner et al., 1999), while other studies found evidence for
asymmetric effects depending on the hemisphere (Jouven et al., 2005;
Kawai et al., 2006).

Di Gennaro et al. investigated latencies from surface EEG onset to
HR changes in seizures of temporal lobe origin, reporting no significant
difference between left and right (Di Gennaro et al., 2004). Kato and
colleagues performed a study suggesting that right mesial temporal lobe
seizures have earlier tachycardia onsets (Kato et al., 2014). A similar
approach of detecting the HR breakpoint as in our study was applied.
However, the EEG seizure onsets in their investigation were detected
using surface EEG and the patient group only included patients with
seizures arising in one hemisphere. Hirsch et al. analyzed temporal
relationships between the seizure onset of ITC, defined as either HR
greater than 100 bpm or 20% of a baseline value (Hirsch et al., 2015).
They reported longer latencies to ITC in left-hemispheric seizures,
however, with an underrepresentation of right-hemispheric seizures. In
their collective ictal tachycardia never preceded the iEEG seizure onset.
Stefanidou et al. performed an intracranial EEG study, showing that
laterality at seizure onset did not predict the occurrence of ITC and that
bilateral seizure onset is associated with early tachycardia (Stefanidou
et al., 2015).

In our patient group, each patient had seizures arising from both
hemispheres independently and the seizure onsets were detected from
hippocampal depth electrodes. Importantly, we included 34 left-hip-
pocampal and 37 right-hippocampal seizures in our analysis, which is a
well-balanced ratio of right to left and we ruled out influences of the
contralateral hemisphere as accurately as possible. We did not observe
significant hemisphere-differential effects on latency to the HR break-
point. The median latency in right-onset seizures appeared to be slightly
shorter as compared to left-onset seizures, but the HR breakpoint pre-
ceded the apparent seizure-onset as assessed by iEEG in a greater pro-
portion of left-onset seizures. The observation that HR started to rise
before apparent electroencephalographic seizure onset might be ex-
plained with inaccuracies in iEEG seizure-onset detection caused by
subjective bias of the examiners, spatial sampling bias of the limited
number of intracranial EEG electrodes or by inaccurate determination
of the HR breakpoint. We do not regard the fact that in the study by
Hirsch et al. ictal tachycardia was never observed prior to iEEG seizure
onsets as a contradiction to our results, because the HR breakpoint is a
phenomenon that usually occurs before HR reaches 100bpm or 20% HR
increase above baseline. In view of most previous studies and our
present results, we believe that the temporal relationships between (i)
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EEG seizure onset and HR breakpoint as well as the magnitude of HR
changes are of little use as a lateralizing sign in temporal lobe epilepsy
and that a putative hemispherical effect, if present, is not clinically
meaningful.

5. Conclusions

We have developed a novel MATLAB based approach which allows
a semi-automatic analysis of the total impact of seizures on HR and
provides novel HR features that may be useful in future automatic
seizure detection techniques based on HR measurements. The main
analytical methods have been made public in the form of MATLAB
script files. The time course of HR during temporal lobe seizures arising
from the hippocampus is very variable and does not depend on the side
of seizure-onset.
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