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Abstract

Background: To assess associations between possible dysfunction of autonomic cardio-
vascular modulation and hemispheric localization, seizure frequency, disease duration,
and antiseizure medication (ASM) in temporal lobe epilepsy (TLE). Methods: In this
prospective observational study, cardiovascular autonomic modulation was monitored in
31 patients with TLE (12 patients with right TLE, 19 patients with left TLE). From 5 min time
series of R–R intervals (RRI) and blood pressure (BP) recordings, we calculated autonomic
parameters of sympathetic, parasympathetic, and total autonomic cardiovascular modu-
lation. Data were compared to those of 30 healthy volunteers. Subgroup analyses were
performed according to (1) disease localization (right vs. left hemispheric TLE), (2) seizure
frequency (< vs. >1/month) and disease duration (< vs. >10 years), (3) number of ASMs,
and (4) participants’ age (< vs. >30 years). Results: Between right TLE patients, left TLE
patients, and controls, there were no significant differences in the assessed bio-signals. Pa-
rameters of sympathetic and total autonomic modulation were slightly lower in right TLE
patients than in controls. Additionally, reduced vagal modulation was observed in right
TLE patients taking three ASMs or not taking any ASMs at all (applicable to one patient)
compared to healthy controls. In general, TLE patients with <1 seizure/month showed
lower parameters of sympathetic modulation than healthy controls, with differences reach-
ing statistical significance in left TLE patients. In contrast, parameters reflecting vagal tone
showed insignificantly, yet consistently, lower values in left TLE patients with increasing
seizure frequency. Alterations in autonomic cardiovascular modulation observed across
age-matched subgroups were comparable. Conclusions: A trend towards lower values of
sympathetic modulation in patients with right TLE supports previous findings suggesting
right hemispheric mediation of sympathetic regulation. A decrease in parasympathetic
modulation with increasing seizure frequency underscores the importance of sufficient
seizure control in order to prevent autonomic complications. In contrast, the absence of
significant associations between disease duration and autonomic alterations suggests that
epilepsy exerts an early and clinically relevant effect on the autonomic nervous system.
Due to comparable alterations in autonomic modulation in a patient without antiseizure
medication and in patients undergoing polytherapy, ASM side effects may not account
solely for the observed autonomic dysregulation of our TLE patients.
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1. Introduction
With an approximate incidence of 50–200 per 100,000 inhabitants and a prevalence of

0.5–1.2%, epilepsy represents a significant cause of morbidity and mortality throughout the
world [1]. Pathophysiologically, epileptic seizures result from excessive neuronal discharges
due to increased neuronal excitability or impaired inhibition [2]. The clinical manifestations
of a seizure depend on the brain regions involved. Temporal lobe epilepsy (TLE), also
referred to as psychomotor or limbic epilepsy, represents the most common form of focal
epilepsy, typically manifesting in childhood or early adulthood [3].

Pharmacological therapy constitutes the mainstay of treatment for TLE. According to
current guidelines, treatment should begin with monotherapy [4]. Lamotrigine is recom-
mended as the first-line agent for newly diagnosed focal epilepsy [4], whereas levetiracetam
and lacosamide are considered second-line options [4]. In cases where the initial monother-
apy fails, a switch of medication or a combination therapy may be considered [4]. Among
the various antiepileptic drug classes, sodium channel blockers play a particularly impor-
tant role—not only because they are commonly used in epilepsy therapy, but also due to
their potential cardiac side effects. A shared risk among this class of agents is the occurrence
of cardiac arrhythmias, which, especially at higher doses, may manifest as prolongation of
the PR interval [5,6].

In addition to the cardiac side effects of antiepileptic treatment, the autonomic ner-
vous system appears to play a crucial role in rhythmogenic events among patients with
epilepsy [7]. Autonomic symptoms frequently occur during epileptic seizures due to the
extensive anatomical connections between epileptogenic zones and central autonomic
structures. Such symptoms often accompany other clinical manifestations and may occur
during any phase of a seizure—preictal, ictal, or postictal [7]. Autonomic phenomena
are particularly prominent in TLE and in so-called self-limited epilepsy with autonomic
seizures (SeLEAS) [7]. Beyond seizure-related autonomic dysfunction, interictal autonomic
disturbances are also of major importance in epilepsy. Cardiorespiratory alterations, in
particular, are considered key factors contributing to the risk of sudden unexpected death
in epilepsy (SUDEP) [8].

Within the literature, several studies have provided evidence for lateralization of
the autonomic nervous system, and authors suggested associations between differently
impaired autonomic modulation and the affected hemisphere in patients with epilepsy. In
2001, Hilz et al. investigated cardiovascular modulation parameters in a cohort of patients
with drug-resistant epilepsy during a Wada test, i.e., before and during hemispheric inacti-
vation. The authors demonstrated that sympathetic activity seems to be predominantly
controlled by the right hemisphere, whereas parasympathetic regulation is primarily me-
diated by the left hemisphere [9]. Other studies reported different findings; yet, although
results do not offer a clear picture, most authors consistently conclude that epilepsy-related
disruption of autonomic networks may contribute to an elevated risk of cardiac arrhythmias
and thereby to an increased risk of SUDEP [10–12].

In addition to hemispheric lateralization, other factors—such as antiseizure medication
(ASM), disease duration, and seizure frequency—may also impair autonomic cardiovascu-
lar modulation in patients with epilepsy. However, the available evidence regarding these
associations is largely based on small and heterogeneous patient cohorts, and the reported
results are inconsistent [13–21].
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Therefore, the present study aims to investigate the influence of hemispheric later-
alization of TLE on autonomic nervous system function, as well as to explore additional
factors that may affect autonomic cardiovascular modulation. Using a well-defined cohort
of patients with TLE from a specialized epilepsy center and a matched group of healthy
controls, this study seeks to delineate the impact of these variables and to further refine the
understanding of potential mechanisms contributing to increased SUDEP risk.

2. Materials and Methods
2.1. Patient Selection

All patients admitted to the epilepsy center of the University Hospital Erlangen-
Nuremberg, Germany, between January 2018 and December 2022 with previously diag-
nosed epilepsy were screened for eligibility to participate in the present study. Inclusion
criteria consisted of (1) presence of a prolonged video EEG recording, (2) assumed epilep-
togenic zone located in one temporal lobe based on semiology, EEG, or imaging data,
(3) autonomic testing, (4) absence of co-morbidities or medication potentially influencing
autonomic modulation, and (5) absence of epilepsy surgery in the past (Figure 1). Testing
of autonomic cardiovascular modulation was performed after EEG electrode placement,
interictally within 24 h after admission and before reduction of the dosage or any other
changes in antiseizure premedication.

 

Figure 1. Flowchart of study participants.

In addition, a control group of 30 healthy individuals, comparable in age and sex
distribution and without relevant medical history or prior medication, was included in
the study.
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The study was approved by the ethics committee of the University of Erlangen-
Nuremberg, and written informed consent has been obtained from all study participants
according to the Declaration of Helsinki.

2.2. Clinical and Epilepsy Parameters

Diagnosis of TLE was made by the treating physicians, as described elsewhere [22]. Af-
ter hospital admission, individuals underwent presurgical long-term scalp EEG recordings.
EEG was recorded digitally at a sampling rate of 256 Hz. For review, filter settings were kept
at 0.5 to 70 Hz bandpass and sensitivity at 150 µV/cm. We retrieved data on demographic
parameters (age and sex), prior comorbidities (hypertension, diabetes mellitus, congestive
heart failure, etc.), relevant premedication, as well as current medication, disease duration,
and seizure frequency from the institutional electronic databases. Disease duration was
classified as either >10 years or <10 years, and seizure frequency was categorized as daily,
weekly, monthly, yearly, or rare/unknown number of seizures. Patients were then divided
into two subgroups according to the affected hemisphere, i.e., right-hemispheric TLE or
left-hemispheric TLE (Table 1).

Table 1. Baseline characteristics of healthy controls and 31 patients with temporal lobe epilepsy
according to hemispheric localization.

Controls
(n = 30)

All Patients with TLE
(n = 31)

Patients with rTLE
(n = 12)

Patients with lTLE
(n = 19)

p-Values
(rTLE vs. lTLE)

Age [years], Median (IQR) 38.0 (28.0–52.0) 36.0 (27.0–46.0) 37.5 (28.0–56.5) 32.0 (25.0–43.0) 0.22

Age split -

<30 years, n (%) 11 (35.5) 3 (25.0) 8 (42.1) 0.45

<30 years, Median (IQR) 25.0 (21.0–28.0) 27.0 (-) 23.5 (21.0–28.8) 0.61

≥30 years, n (%) 20 (64.5) 9 (75.0) 11 (57.9) 0.45

≥30 years, Median (IQR) 42.0 (36.3–52.0) 51.0 (35.5–61.5) 41.0 (37.0–46.0) 0.52

Female sex, n (%) 16 (53.3) 16 (51.6) 5 (41.7) 11 (57.9) 0.47

Disease duration -

<10 years, n (%) 13 (41.9) 7 (58.3) 6 (31.6) 0.26

≥10 years, n (%) 18 (58.1) 5 (41.7) 13 (68.4) 0.26

Seizure frequency -

daily, n (%) 2 (6.5) 1 (8.3) 1 (5.3) 1

weekly, n (%) 3 (9.7) 1 (8.3) 2 (10.5) 1

monthly, n (%) 10 (32.3) 4 (33.4) 6 (31.6) 1

yearly, n (%) 7 (22.6) 3 (25.0) 4 (21.1) 1

rarely/unknown, n (%) 8 (25.8) 3 (25.0) 6 (31.6) 1

Number of ASM -

none, n (%) 1 (3.2) 1 (8.3) 0 (0.0) 0.39

1 ASM, n (%) 6 (19.4) 2 (16.7) 4 (21.1) 1

2 ASM, n (%) 16 (51.6) 5 (41.7) 11 (58.0) 0.47

3 ASM, n (%) 8 (25.8) 4 (33.3) 4 (21.1) 0.68

ASM premedication -

SCB, n (%) 23 (74.2) 9 (75.0) 14 (73.7) 1

Dual SCB therapy, n (%) 8 (25.8) 3 (25.0) 5 (26.3) 1

Levetiracetam, n (%) 15 (58.4) 5 (25.0) 10 (52.6) 0.72

Brivaracetam, n (%) 2 (6.5) 1 (8.3) 1 (5.3) 1

Valproate, n (%) 2 (6.5) 0 (0.0) 2 (10.5) 0.51

Topiramate, n (%) 1 (3.2) 0 (0.0) 1 (5.3) 1

Zonisamide, n (%) 4 (12.9) 3 (25.0) 4 (21.1) 1

Perampanel, n (%) 1 (3.2) 0 (0.0) 1 (5.3) 1
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Table 1. Cont.

Controls
(n = 30)

All Patients with TLE
(n = 31)

Patients with rTLE
(n = 12)

Patients with lTLE
(n = 19)

p-Values
(rTLE vs. lTLE)

Pregabalin, n (%) 1 (3.2) 1 (8.3) 0 (0.0) 0.39

SCBs -

Lamotrigine, n (%) 12 (38.7) 4 (33.4) 8 (42.1) 0.72

Lacosamide, n (%) 12 (38.7) 5 (41.7) 7 (36.8) 1

Carbamazepine, n (%) 1 (3.2) 1 (8.3) 0 (0.0) 0.39

Oxcarbazepine, n (%) 5 (16.1) 1 (8.3) 4 (21.1) 0.63

Eslicarbazepine, n (%) 4 (12.9) 3 (25.0) 1 (5.3) 0.27

Drug-resistant epilepsy, n
(%) 21 (67.7) 9 (75.0) 12 (63.2) 0.70

TLE, temporal lobe epilepsy; rTLE, right TLE; lTLE, left TLE; ASM, antiseizure medication; SCB, sodium
channel blocker.

2.3. Parameters of Autonomic Cardiovascular Modulation

When measuring autonomic cardiovascular modulation, a distinction can be made
between short-term and long-term measurements depending on the hypothesis being
investigated. While long-term recordings often comprise a minimum duration of 18 to
24 h, short-term recordings cover a period of a few minutes (usually at least two to five
minutes) [23]. Long-term recordings, due to their measurement duration, provide a better
picture of the numerous environmental influences (e.g., changes in outside temperature)
and the body’s own processes (e.g., minor fluctuations in autonomic modulation due to
circadian rhythms) on the modulation of the cardiovascular system [23]. Short-term record-
ings, on the other hand, are characterized by a low number of measurement artifacts [23].
In order to obtain a picture of the current autonomous cardiovascular modulation and, if
applicable, autonomic dysfunction, a short recording of 5 min has therefore been chosen for
the purpose of our study. To ensure comparable measurement conditions and to account for
potential circadian variations in autonomic modulation, all measurements were conducted
in a quiet room at an average ambient temperature of 24 ◦C and stable humidity, between
9:00 a.m. and 2:00 p.m. After a 40 min resting period in a seated position to ensure stable
cardiovascular conditions, the test setup and the assessment of autonomic modulation
were performed. Parameters of cardiovascular autonomic modulation were monitored
using 3-lead electrocardiography (with a sampling rate of 200 Hz) for a 5 min time series of
R–R intervals (RRI) and non-invasive beat-to-beat blood pressure measurement via finger
pulse photoplethysmography (Portapres ®, TPD Biomedical Instrumentation, Amsterdam,
The Netherlands) on the index or middle finger (calibrated against the ipsilateral brachial
artery BP) [24]. Both biosignals were recorded simultaneously and continuously for a
period of 5 min. Data acquisition, artifact correction, further processing, and analysis of
the digitized data were carried out using a custom-designed data acquisition and analysis
system (SUEmpathy™, SUESS Medizin-Technik GmbH, Aue, Germany) [23].

In the next step, the parameters were analyzed in both the time and frequency domains.
Parameters in the so-called time domain were calculated from the tachogram of the

RRIs and reflect different aspects of autonomic modulation: the standard deviation of
RRIs (SD) as an absolute measure of dispersion and the coefficient of variation (CV) as a
relative measure of dispersion reflect both sympathetic and parasympathetic influences on
autonomic cardiovascular modulation, thus representing an overall measure of autonomic
control. Furthermore, the root mean square of successive differences between adjacent RRIs
(RMSSD), calculated in milliseconds, reflects exclusively parasympathetic influences on
heart rate variability [23,24]. There are no established linear analysis methods to determine
specific sympathetic parameters in the time domain.
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Complementary analyses in the frequency domain allow for a more detailed inves-
tigation of spontaneous oscillations in autonomic modulation, thereby revealing subtle
changes in autonomic cardiovascular function [23,24]. Various mathematical models are
available for spectral analysis; in this study, trigonometric regressive spectral analysis
(TRS) was used [23]. The TRS algorithm utilizes short segments of digitized biosignals
with a duration of 20–30 s, which are continuously analyzed in successive time series. By
recording short segments of 2–5 min, spectral analysis allows for the decomposition of slow
underlying frequencies into three main components: very low frequency (VLF, <0.04 Hz),
low frequency (LF, 0.04–0.15 Hz), and high frequency (HF, 0.15–0.4 Hz). The spectral power
within each frequency range is calculated as the area under the curve of the power spectral
density function and expressed as an integral in ms2/Hz [23,24].

Fluctuations within the HF range of the RRI (RRI-HF power) reflect almost exclusively
parasympathetic activity mediated by the vagus nerve, whereas the LF range (RRI-LF
power) predominantly represents sympathetic modulation, although vagal influences,
particularly at rest, may also contribute [23,24]. The sum of spectral powers across all
frequency bands, the so-called RRI total power, represents a measure of overall autonomic
cardiovascular modulation [23,24]. The ratio of LF to HF power (LF/HF ratio) is used as an
indicator of the balance between sympathetic and parasympathetic modulation [23,24].

According to the literature, spectral analysis of the LF component of blood pressure is
considered a reliable indicator of sympathetic tone [23,24]. In contrast, the HF component
of systolic blood pressure reflects not only parasympathetic influences but also respiration-
dependent fluctuations in venous return and changes in cardiac output; therefore, this
parameter provides only limited information on autonomic modulation and was not
calculated in the present study [23,24].

2.4. Statistical Analysis

For data analysis, a commercially available statistical program (IBM SPSS Statistics for
Windows, version 24) was used, and significance was set at p < 0.05. Testing for normal
distribution was performed using the Kolmogorov–Smirnov test. Data are expressed as
mean and standard deviation or median and interquartile range, according to distribution.

Normally distributed patient and control data were compared using the t-test
for unpaired samples and the Mann–Whitney U test for comparison of non-normally
distributed data.

Nominally scaled variables were compared using the chi-square test of associations
and, in cases with small sample sizes, using the Fisher exact probability test.

For further analyses, i.e., hemispheric lateralization, impact of seizure frequency
and disease duration, ASM, or age on autonomic modulation, patients were categorized
according to:

1. Disease localization, i.e., right- or left hemispheric TLE
2. Seizure frequency < 1 vs. >1/month, and disease duration < 10 vs. >10 years
3. Number of ASM
4. Age, i.e., individuals younger than 30 years and those older than 30 years

3. Results
3.1. Baseline Characteristics

Over a 5-year period, 84 patients with presumed epilepsy were screened for eligibility
(Figure 1). After exclusion of patients who failed diagnostic criteria for focal epilepsy,
lacked assessment of autonomic cardiovascular modulation, had co-morbidities, or were
premedication known to potentially influence autonomic modulation, 71 patients with
focal epilepsy were enrolled in the study (29 women, 42 men). A diagnosis of TLE, i.e.,
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the epileptogenic zone located in the temporal lobe based on semiology, EEG, or imaging
data was made in 31 patients (mean age 36 years [27–46 years]; 30.8% female). Twelve
patients were diagnosed with right hemispheric TLE (5 women; 37.5 (28.0–56.5) years) and
19 patients were diagnosed with left hemispheric TLE (11 women; 32.0 (25.0–43.0) years).
Parameters of cardiovascular autonomic modulation of patients were compared to data
from 30 healthy volunteers (16 women; 38.0 (28.0–52.0) years).

Clinical baseline characteristics of both patient subgroups, i.e., right and left hemi-
spheric TLE, and controls are presented in Table 1. There was no significant difference
between the two patient groups regarding age, sex, disease duration, seizure frequency,
and antiseizure medication.

3.2. Association Between Autonomic Modulation and Hemispheric Localization of TLE

Overall, between right TLE patients, left TLE patients, and controls, there were no
significant differences in the assessed bio-signals used for further analysis of autonomic
modulation, i.e., RRIs, mean SBP, and mean DBP (Table 2).

Table 2. Biosignals and parameters of autonomic cardiovascular modulation according to
hemispheric localization.

Controls
(n = 30)

Patients with rTLE
(n = 12)

Patients with rTLE
(n = 19)

p-Values
(Ct vs. lTLE)

p-Values
(Ct vs. lTLE)

p-Values
(rTLE vs. lTLE)

Biosignals, Median
(IQR)

mean RRI [ms] 754.1 (723.9–865.9) 727.9 (647.2–847.2) 787.4 (675.5–847.1) 1.0 0.22 0.50

mean SBP [ms] 127.2 (122.0–139.3) 120.8 (113.0–139.4) 121.7 (112.6–130.7) 0.05 0.33 0.63

Parasympathetic
modulation

RRI-RMSSD [ms] 21.5 (17.2–35.6) 18.2 (7.5–29.6) 21.7 (11.4–29.3) 0.31 0.15 0.72

RRI-HF powers
[ms2] 203.4 (85.3–498.1) 124.0 (29.0–450.5) 181.7 (38.5–407.0) 0.47 0.32 0.87

Sympathetic
modulation

RRI-LF powers
[ms2] 705.7 (362.2–2024.3) 482.4 (98.4–837.0) 514.9 (316.1–1409.4) 0.23 0.07 0.47

SBP-LF powers
[mmHg2] 15.9 (9.9–30.8) 13.9 (6.2–26.2) 15.1 (6.6–21.4) 0.23 0.30 0.81

Total autonomic
modulation

RRI total powers
[ms2] 964.6 (437.3–2521.8) 597.8 (145.8–1352.0) 866.0 (360.5–1506.8) 0.33 0.10 0.54

RRI-SD [ms] 32.9 (24.0–52.9) 27.7 (13.3–36.6) 31.7 (21.4–43.0) 0.34 0.09 0.52

RRI-CV [%] 4.4 (3.2–6.7) 3.3 (2.2–4.8) 4.1 (2.7–5.1) 0.24 0.11 0.52

Sympatho-vagal
balance

RRI-LF/HF-ratio 2.9 (1.8–4.5) 3.1 (1.5–7.5) 5.2 (2.4–10.4) 0.25 0.08 0.72

rTLE, right TLE; lTLE, left TLE; Ct, controls; RRI, RR interval; SBP, systolic blood pressure; RMSSD, root mean
square of successive differences; HF, high frequency; LF, low frequency; SD, standard deviation; CV, coefficient
of variation.

Parameters of vagal cardiac modulation (RRI-RMSSD, RRI-HF powers) did not differ
between both patient groups and controls (Table 2).

In contrast, parameters reflecting sympathetic cardiac modulation, i.e., RRI-LF powers,
were slightly lower in right TLE patients than in controls (Table 2, Figure 2).

Similarly, right TLE patients had slightly, yet not significantly, lower RRI-SDs (i.e.,
values of parameters of total autonomic modulation) and RRI-LF/HF ratios (i.e., index of
sympatho-vagal balance) than controls (Table 2, Figure 2).

All assessed parameters of autonomic cardiovascular modulation did not differ be-
tween patients with right and left TLE (Table 2).
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Figure 2. Bar charts of median values of autonomic cardiovascular modulation according to hemi-
spheric localization. TLE, temporal lobe epilepsy; RRI, RR interval; RMSSD, root mean square of
successive differences; HF, high frequency; LF, low frequency; SBP, systolic blood pressure; SD,
standard deviation.

3.3. Association Between Autonomic Modulation, Disease Duration, and Seizure Frequency

Disease duration and seizure frequency of all patients are summarized in Table 1.
Regarding disease duration, right and left TLE patients were classified as <10 years vs.
>10 years of established diagnosis. Seven patients had an established diagnosis of right
TLE < 10 years (58.3%), five patients had right TLE > 10 years (41.7%), six patients had left
TLE < 10 years (31.6%), and thirteen patients had left TLE > 10 years (68.4%).

Parameters of vagal cardiac modulation (RRI-RMSSD, RRI-HF powers) again did not
differ between patient groups and controls (Table 3).

Table 3. (a) Biosignals and parameters of autonomic cardiovascular modulation according to disease
duration. (b) Biosignals and parameters of autonomic cardiovascular modulation according to
seizure frequency.

(a)

Controls
(n = 30)

Patients with rTLE < 10 a
(n = 7)

Patients with rTLE > 10 a
(n = 5)

Patients with lTLE < 10 a
(n = 6)

Patients with lTLE > 10 a
(n = 13)

Biosignals, Median
(IQR)

mean RRI [ms] 754.1 (723.9–865.9) 730.6 (573.7–856.3) 725.2 (678.7–903.7) 757.9 (669.4–842.3) 793.4 (663.4–921.9)

mean SBP [ms] 127.2 (122.0–139.3) 125.4 (104.4–144.8) 115.8 (113.4–136.2) 126.5 (119.4–130.2) 118.8 (107.1–131.1)

Parasympathetic
modulation

RRI-RMSSD [ms] 21.5 (17.2–35.6) 15.6 (7.4–22.2) 23.9 (6.8–33.5) 17.1 (6.7–24.5) 22.6 (11.6–30.8)

RRI-HF powers

[ms2]
203.4 (85.3–498.1) 63.1 (45.8–239.1) 301.5 (16.9–665.6) 94.3 (17.6–435.5) 189.0 (41.5–390.4)

Sympathetic
modulation

RRI-LF powers

[ms2]
705.7 (362.2–2024.3) 371.7 (129.0–872.1) 673.6 (79.9–1635.6) 644.3 (58.8–1582.8) 514.9 (357.7–1356.1)

SBP-LF powers

[mmHg2]
15.9 (9.9–30.8) 12.8 (6.3–26.1) 19.9 (4.7–42.2) 9.6 (5.5–22.6) 17.5 (6.8–21.1)

Total autonomic
modulation

RRI total powers

[ms2]
964.6 (437.3–2521.8) 556.7 (152.4–1111.2) 1033.1 (96.8–2272.1) 901.8 (76.4–1773.4) 790.1 (454.9–1611.2)

RRI-SD [ms] 32.9 (24.0–52.9) 26.2 (14.5–35.2) 33.4 (11.6–49.2) 33.0 (10.0–46.7) 31.5 (23.7–41.3)

RRI-CV [%] 4.4 (3.2–6.7) 3.2 (2.2–4.8) 3.4 (1.7–6.7) 4.5 (1.4–5.8) 4.0 (2.8–5.5)

Sympatho-vagal
balance

RRI-LF/HF-ratio 2.9 (1.8–4.5) 3.8 (1.7–4.7) 2.3 (1.7–3.9) 2.3 (1.3–5.0) 5.0 (1.6–10.6)
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Table 3. Cont.

p-Values
(Ct vs. rTLE <

10 a)

p-Values
(Ct vs. rTLE > 10 a)

p-Values
(Ct vs. lTLE < 10 a)

p-Values
(Ct vs. lTLE > 10 a)

p-Values
(rTLE < 10 a vs. >10 a)

p-Values
(lTLE < 10 a vs. >10 a)

Biosignals, Median (IQR)

mean RRI [ms] 0.28 0.45 0.64 0.71 0.69 0.54

mean SBP [ms] 0.64 0.28 0.45 0.04 0.69 0.34

Parasympathetic
modulation

RRI-RMSSD [ms] 0.11 0.60 0.13 0.71 0.89 0.88

RRI-HF powers [ms2] 0.19 0.93 0.22 0.87 0.89 0.96

Sympathetic modulation

RRI-LF powers [ms2] 0.07 0.35 0.37 0.33 0.89 0.73

SBP-LF powers [mmHg2] 0.26 0.78 0.14 0.54 0.78 0.66

Total autonomic
modulation

RRI total powers [ms2] 0.09 0.45 0.37 0.46 0.78 0.81

RRI-SD [ms] 0.09 0.42 0.14 0.44 0.76 0.73

RRI-CV [%] 0.19 0.28 0.42 0.32 0.76 0.66

Sympatho-vagal balance

RRI-LF/HF-ratio 0.33 0.07 0.14 0.58 0.25 0.4

(b)

Controls
(n = 30) Patients with rTLE < 1/M (n = 6) Patients with rTLE > 1/M (n = 6) Patients with lTLE < 1/M (n = 9) Patients with lTLE > 1/M (n = 10)

Biosignals, Median (IQR)

mean RRI [ms] 754.1 (723.9–865.9) 771.2 (566.8–891.1) 717.2 (648.0–841.6) 743.8 (607.9–841.3) 801.2 (759.6–907.6)

mean SBP [ms] 127.2 (122.0–139.3) 120.8 (113.0–131.6) 127.9 (110.5–146.1) 120.0 (107.1–130.1) 124.9 (115.9–131.8)

Parasympathetic
modulation

RRI-RMSSD [ms] 21.5 (17.2–35.6) 14.3 (7.0–36.0) 18.9 (9.8–25.8) 23.3 (14.6–32.1) 18.6 (7.1–25.6)

RRI-HF powers [ms2] 203.4 (85.3–498.1) 122.7 (17.5–518.3) 151.1 (40.2–415.8) 224.1 (79.5–382.1) 97.4 (28.7–444.3)

Sympathetic modulation

RRI-LF powers [ms2] 705.7 (362.2–2024.3) 2230.0 (80.3–1878.2) 633.3 (215.5–766.7) 530.2 (378.5–1030.3) 514.9 (162.0–1704.2)

SBP-LF powers

[mmHg2]
15.9 (9.9–30.8) 8.4 (5.0–33.5) 17.5 (11.2–26.8) 7.4 (5.7–15.3) 19.8 (16.3–23.0)

Total autonomic
modulation

RRI total powers [ms2] 964.6 (437.3–2521.8) 350.1 (101.6–2396.5) 836.0 (268.7–1191.5) 828.0 (531.4–1324.5) 937.7 (192.7–1985.2)

RRI-SD [ms] 32.9 (24.0–52.9) 21.8 (11.8–58.4) 29.8 (17.6–35.7) 32.9 (25.1–38.0) 31.7 (15.7–48.6)

RRI-CV [%] 4.4 (3.2–6.7) 2.7 (1.7–7.5) 4.0 (2.3–4.7) 4.1 (2.7–5.2) 4.3 (2.8–5.8)

Sympatho-vagal balance

RRI-LF/HF-ratio 2.9 (1.8–4.5) 3.5 (1.5–6.2) 2.9 (1.8–3.9) 2.9 (1.2–5.2) 5.3 (1.6–14.5)

p-Values
(Ct vs. rTLE

< 1/M)

p-Values
(Ct vs. rTLE > 1/M)

p-Values
(rTLE < 1 vs.

>1/M)

p-Values
(Ct vs. lTLE < 1/M)

p-Values
(Ct vs. lTLE > 1/M)

p-Values
(lTLE < 1 vs.

>1/M)

p-Values
(<1/M r vs. lTLE)

p-Values
(>1/M r vs. lTLE)

Biosignals,
Median (IQR)

mean RRI [ms] 0.58 0.19 0.87 0.33 0.32 0.87 0.81 0.19

mean SBP [ms] 0.16 0.93 0.75 0.06 0.24 0.75 0.64 0.66

Parasympathetic
modulation

RRI-
RMSSD [ms] 0.22 0.33 0.87 0.90 0.13 0.17 0.52 0.56

RRI-HF powers

[ms2]
0.40 0.50 0.63 0.90 0.30 0.51 0.66 0.72

Sympathetic
modulation

RRI-LF powers

[ms2]
0.11 0.24 0.52 0.32 0.39 0.87 0.45 0.72

SBP-LF powers

[mmHg2]
0.19 0.87 0.34 0.02 0.57 0.05 1 0.81
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Table 3. Cont.

Total autonomic
modulation

RRI total
powers [ms2] 0.14 0.29 0.52 0.42 0.46 1 0.45 0.81

RRI-SD [ms] 0.17 0.22 0.75 0.49 0.41 0.74 0.59 0.81

RRI-CV [%] 0.20 0.25 0.52 0.27 0.46 0.74 0.59 0.41

Sympatho-vagal
balance

RRI-LF/HF-
ratio 0.22 0.15 0.75 0.08 1 0.22 0.59 0.41

The table was split for better readability with autonomic parameters shown in the upper half and p-Values shown
in the lower half. <10 a, disease duration under 10 years; >10 a, disease duration more than 10 years; rTLE, right
TLE; lTLE, left TLE; Ct, controls; RRI, RR interval; SBP, systolic blood pressure; RMSSD, root mean square of
successive differences; HF, high frequency; LF, low frequency; SD, standard deviation; CV, coefficient of variation.
<1/M, less than 1 seizure per month; >1/M, more than 1 seizure per month.

RRI-LF powers, RRI-SDs, and RRI total powers were slightly lower in right TLE
patients with disease duration < 10 years than in controls, whereas these values did not
differ between right TLE patients with disease duration > 10 years, left TLE patients with
disease duration < 10 years, left TLE patients with disease duration > 10 years, and controls
(Table 3).

Sympatho-vagal balance, i.e., RRI-LF/HF ratios, was slightly lower in right TLE
patients with disease duration > 10 years than in controls (Table 3).

Regarding seizure frequency, right and left TLE patients were classified as < 1/month
vs. >1/month.

Six right TLE patients had <1/month (50.0%), six right TLE patients had >1/month
(50.0%), 10 left TLE patients had <1/month (52.6%), and nine left TLE patients had
>1/month (47.4%).

Statistically significant associations between autonomic modulation and seizure fre-
quency were only seen in SBP-LF powers: SBP-LF powers were significantly lower in
left TLE patients with <1 seizure per month than in healthy controls, and slightly, yet
not significantly lower in right TLE patients with <1 seizure per month than in healthy
controls (Table 3). In contrast, parameters reflecting vagal tone showed insignificantly, yet
consistently lower values in left TLE patients with increasing seizure frequency, whereas
sympathovagal balance increased slightly in this patient group.

3.4. Association Between Autonomic Modulation and Antiseizure Medication

A detailed overview of ASM in right and left TLE patients is summarized in Table 1.
In our cohort, most patients had a combination of two ASMs at the time of assessment
(5 right TLE patients, 41.7%; 11 left TLE patients, 57.9%). In both groups, 4 patients were
on 3 different ASMs; only 2 right TLE (16.7%) and 4 left TLE patients (21.1%) were on a
mono-therapy, and 1 patient with right TLE (8.3%) did not take any ASM.

Due to small cohort sizes, statistical results of subgroup analyses regarding the associ-
ation between autonomic modulation and ASM are rather limited. Yet, we found lower
values of parameters reflecting sympathetic cardiac modulation (RRI-LF powers, SBP-LF
powers), RRI-RMSSDs (i.e., a parameter of vagal cardiac modulation), values of parameters
of total autonomic modulation (RRI-SDs, RRI-CVs, RRI total powers), and RRI-LF/HF
ratios in right TLE patients who took 3 different ASMs at the time of assessment, as well as
in our one right TLE patient without any ASM, than in healthy controls Table 4.
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Table 4. Biosignals and parameters of autonomic cardiovascular modulation according to
antiseizure medication.

Patients with no
ASM
(n = 1)

Patients with 1 ASM
(n = 6)

Patients with 2 ASM
(n = 16)

Patients with 3 ASM
(n = 8)

Biosignals, Median
(IQR)

mean RRI [ms] 725.2 734.4 (580.7–832.1) 771.3 (714.6–831.7) 843.9 (649.0–926.9)

mean SBP [ms] 112.5 114.2 (103.9–120.3) 126.7 (109.3–139.0) 127.1 (118.0–132.8)

Parasympathetic
modulation

RRI-RMSSD [ms] 7.7 16.7 (9.0–24.8) 23.1 (8.6–33.5) 17.1 (9.3–23.4)

RRI-HF powers
[ms2] 18.2 152.5 (34.8–470.0) 187.0 (44.0–469.1) 19.2 (11.7–41.2)

Sympathetic
modulation

RRI-LF powers
[ms2] 88.2 633.3 (250.1–967.6) 575.2 (228.3–1913.7) 466.8 (157.8–764.0)

SBP-LF powers
[mmHg2] 3.3 13.2 (6.1–35.3) 18.0 (7.6–23.4) 11.2 (6.2–21.0)

Total autonomic
modulation

RRI total powers
[ms2] 106.4 794. 6 (284.8–1616.7) 824.5 (301.6–2.387.3) 828.0 (191.1–1009.3)

RRI-SD [ms] 12.1 30.4 (18.2–39.8) 32.6 (19.0–56.6) 30.8 (14.4–34.0)

RRI-CV [%] 1.7 4.5 (2.1–5.6) 4.2 (2.8–6.9) 3.3 (2.3–4.7)

Sympatho-vagal
balance

RRI-LF/HF-ratio 1.5 2.9 (1.7–4.6) 3.9 (1.6–8.3) 2.9 (2.0–5.4)
ASM, antiseizure medication; RRI, RR interval; SBP, systolic blood pressure; RMSSD, root mean square of
successive differences; HF, high frequency; LF, low frequency; SD, standard deviation; CV, coefficient of variation.

3.5. Association Between Autonomic Modulation and Age

In a final analysis, both patient subgroups and the healthy control group were further
divided into subgroups based on age: individuals younger than 30 years and those older
than 30 years.

In the control group, subdivision by age revealed significantly lower values in the older
cohort compared to the younger participants for sympathetic modulation (RRI-LF power),
parasympathetic modulation (RRI-HF power), and total autonomic modulation (RRI-SD,
RRI-CV, and RRI total power) (Table 5). Similar trends were observed when comparing
younger and older right TLE patients, as well as younger and older left TLE patients.

Patients with left-hemispheric TLE younger than 30 years exhibited significantly
lower values of sympathetic modulation (RRI-LF power) and total autonomic modulation
(RRI-CV and RRI total power) compared to age-matched healthy controls (Table 5).
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Table 5. Biosignals and parameters of autonomic cardiovascular modulation according to age.

Controls < 30 a
(n = 10)

Controls > 30 a
(n = 20)

Pat. < 30 a with rTLE
(n = 3)

Pat. > 30 a with rTLE
(n = 9)

Pat. < 30 a with lTLE
(n = 8)

Pat. > 30 a with lTLE
(n = 11)

Biosignals, Median (IQR)

mean RRI [ms] 767.3 (683.1–841.6) 754.1 (728.7–927.0) 709.2 (-) 730.6 (647.9–881.2) 790.4 (600.1–837.6) 781.3 (743.8–893.3)

mean SBP [ms] 124.4 (120.8–137.6) 129.3 (122.2–140.0) 114.4 (-) 125.4 (114.2–137.4) 125.6 (117.3–131.4) 120.2 (107.9–128.1)

Parasympathetic
modulation

RRI-RMSSD [ms] 25.3 (20.4–45.5) 21.2 (14.7–29.5) 35.3 (-) 15.6 (7.4–23.1) 21.8 (18.7–25.5) 15.5 (7.7–32.1)

RRI-HF powers [ms2] 323.7 (202.6–834.6) 155.3 (40.1–277.3) 500.2 (-) 63.1 (20.8–270.3) 314.8 (107.1–398.7) 91.2 (34.5–464.8)

Sympathetic modulation

RRI-LF powers [ms2] 1620.8 (722.1–3979.9) 21.2 (14.7–29.5) 1657.8 (-) 244.4 (85.7–702.6) 663.3 (443.3–1285.9) 424.9 (180.5–1999.0)

SBP-LF powers [mmHg2] 15.7 (12.5–46.2) 155.3 (40.1–277.3) 26.2 (-) 10.7 (5.8–23.0) 17.5 (8.1–25.0) 11.9 (6.6–20.2)

Total autonomic
modulation

RRI total powers [ms2] 1835.6 (1039.7–5250.6) 21.2 (14.7–29.5) 2158.0 (-) 307.5 (125.0–1072.2) 996.5 (827.0–1393.1) 588.4 (219.0–2463.7)

RRI-SD [ms] 43.8 (34.0–77.1) 155.3 (40.1–277.3) 57.4 (-) 19.2 (12.5–34.3) 34.1 (30.4–40.9) 26.3 (16.7–54.2)

RRI-CV [%] 6.1 (4.9–8.3) 3.7 (3.1–5.3) 7.1 (-) 2.4 (2.0–4.0) 4.3 (3.4–5.1) 3.5 (2.4–6.5)

Sympatho-vagal balance

RRI-LF/HF-ratio 4.7 (2.8–7.9) 6.3 (1.8–10.5) 2.3 (1.7–3.7) 2.3 (1.7–3.7) 4.7 (1.6–5.7) 2.7 (1.3–13.8)

p-Values
(Ct < 30 a vs. >30 a)

p-Values
(Ct vs. rTLE < 30 a)

p-Values
(Ct vs. rTLE > 30 a)

p-Values
(Ct vs. lTLE < 30 a)

p-Values
(Ct vs. lTLE > 30 a)

p-Values
(r vs. lTLE < 30 a)

p-Values
(r vs. lTLE

> 30 a)

Biosignals,
Median
(IQR)

mean RRI [ms] 0.57 0.50 0.32 0.79 0.71 0.68 0.43

mean SBP [ms] 0.60 0.61 0.40 0.53 0.05 0.68 0.31

Parasympathetic
modula-
tion

RRI-
RMSSD [ms] 0.14 0.61 0.13 0.29 0.51 0.31 0.47

RRI-HF
powers

[ms2]
0.02 0.74 0.51 0.29 0.59 0.31 0.85

Sympathetic
modula-
tion

RRI-LF
powers

[ms2]
0.01 0.61 0.07 0.03 0.64 0.22 0.34

SBP-LF
powers

[mmHg2]
0.57 0.61 0.17 0.79 0.23 0.41 0.91

Total
autonomic
modula-
tion

RRI total
powers

[ms2]
0.01 0.61 0.09 0.04 0.62 0.41 0.47

RRI-
SD [ms] 0.01 0.87 0.08 0.08 0.65 0.31 0.47

RRI-
CV [%] <0.01 0.87 0.08 0.03 0.48 0.10 0.31

Sympatho-
vagal
balance

RRI-
LF/HF-
ratio

0.76 0.61 0.11 0.42 0.54 0.41 0.62

The table was split for better readability with autonomic parameters shown in the upper half and p-Values shown
in the lower half. <30 a, under 30 years of age; >30 a, more than 30 years of age; rTLE, right TLE; lTLE, left TLE;
Ct, controls; RRI, RR interval; SBP, systolic blood pressure; RMSSD, root mean square of successive differences;
HF, high frequency; LF, low frequency; SD, standard deviation; CV, coefficient of variation.

In patients with right-hemispheric TLE, a trend toward lower values was observed in
the subgroup older than 30 years compared with age-matched controls. This trend was
evident for parameters of total autonomic modulation (RRI-SD, RRI-CV, RRI total power)
as well as for sympathetic modulation (RRI-LF power) (Table 5).

Additional analyses performed for age cutoffs of >/<40 years and >/<50 years did
not reveal any further relevant findings.
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4. Discussion
4.1. Summary of Key Findings

The present study yielded the following relevant findings:

1. A trend toward lower values of sympathetic modulation in patients with right TLE
suggests that the localization of the epileptic focus influences autonomic cardiovascu-
lar modulation, with structural alterations in sympathetic regulation predominantly
mediated by the right hemisphere.

2. Given the comparable alterations in autonomic cardiovascular modulation observed
across age-matched subgroups, the differences between epilepsy patients and healthy
controls cannot be explained solely by physiological, age-associated changes.

3. A decrease in parasympathetic modulation with increasing seizure frequency un-
derscores the importance of sufficient seizure control in order to prevent autonomic
complications. The absence of significant associations between disease duration
and alterations in autonomic modulation suggests that epilepsy exerts an early and
clinically relevant effect on the autonomic nervous system.

4. Although the interpretability is limited by the small sample size, the findings indi-
cate that antiseizure medication alone does not account for the observed autonomic
dysregulation in epilepsy patients. Comparable alterations in autonomic modulation
were observed both in a patient without antiepileptic medication and in patients
undergoing polytherapy with at least three different agents.

4.2. Influence of TLE Localization on Autonomic Cardiovascular Modulation

Lateralization is a fundamental principle in cerebral organization. It is well known
that motor function is controlled contralaterally and that, in the majority of individuals,
language function is localized within the left hemisphere. Similar to other neural systems,
lateralization of the autonomic nervous system has also been postulated in several studies.

In an anesthesiological study by Hilz et al., intra-arterial administration of amobarbital
into the right internal carotid artery induced functional inactivation of the right hemisphere,
which resulted in an increase in parasympathetic activity [9]. Based on these findings,
the authors concluded that sympathetic activity is predominantly governed by the right
hemisphere. However, due to the global inactivation of the hemisphere, precise structural
localization was not possible in that study [9].

Subsequent investigations examining patients with TLE have yielded partially conflict-
ing results. Several studies reported increased sympathetic activity or reduced parasympa-
thetic activity in patients with rTLE [10,12].

In the present study, patients with rTLE showed a trend toward lower values of
sympathetic modulation in the interictal state. Assuming that epilepsy induces structural
and connective alterations, these data align with the findings of Hilz et al. Conversely,
some previous studies, e.g., by Dono et al., observed increased sympathetic activity in
rTLE during interictal EEG abnormalities [12]. This may reflect transient hemispheric
hyperactivity during interictal epileptiform discharges. Under this assumption, the data of
Dono et al. would not contradict the current findings but rather support the concept that
sympathetic modulation is primarily controlled by the right hemisphere.

Beyond epilepsy, lateralization of central autonomic control has also been demon-
strated in other neurological conditions. Studies of ischemic stroke patients revealed a
higher risk of cardiac arrhythmias following right-hemispheric strokes, particularly when
the insula or amygdala are involved [25,26]. These findings suggest that either heightened
sympathetic tone or reduced parasympathetic activity contributes to arrhythmogenesis.

Experimental data further support these clinical observations. In an animal model, in-
jection of autologous blood into the right insular region of rats induced sympathetic cardiac
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alterations, presumably via activation of downstream structures such as the dorsomedial
hypothalamus [26].

Taken together, both previous studies and the present findings suggest a lateralization
of the central autonomic nervous system, with the temporal lobe and insular cortex playing
key roles in this network. These effects have been observed across different disease entities,
including epilepsy and stroke. However, the precise pathophysiological mechanisms
underlying sympathetic and parasympathetic alterations following structural or functional
damage within the central autonomic network remain unclear. Further studies are needed
to clarify these mechanisms, particularly with respect to increased risks of SUDEP, and to
identify potential therapeutic implications.

4.3. Influence of (Patient) Age on Autonomic Cardiovascular Modulation

With increasing age, autonomic cardiovascular modulation shifts toward sympathetic
predominance, whereas younger and physically active individuals exhibit higher baseline
vagal tone [27]. Age is also one of the strongest independent risk factors for the development
of cardiovascular disease.

In this study, the observed changes in autonomic cardiovascular modulation in both
the patient cohort and the control group aged over 30 years reflect these physiological
age-related changes. These findings were consistent across all subgroups, without clear
differences between the respective patient and control cohorts. Therefore, the additional
alterations in autonomic modulation observed in this study cannot be attributed solely to
physiological, age-associated variation.

4.4. Influence of Seizure Frequency and Disease Duration on Autonomic
Cardiovascular Modulation

Epileptic seizures are known to cause autonomic alterations across multiple systems,
including cardiovascular, respiratory, gastrointestinal, urogenital, and cutaneous domains.
Previous studies have also demonstrated an increased risk of interictal autonomic dysregu-
lation in patients with TLE [10,12,13].

Ansakorpi et al. compared patients with well-controlled epilepsy and those with
drug-resistant epilepsy, showing signs of autonomic dysregulation in the latter group [13].
The authors concluded that disease severity and seizure frequency correlate with changes
in autonomic cardiovascular modulation [13]. Although studies examining ictal autonomic
changes have suggested variable results, most authors agree that long-standing epilepsy is
associated with predominant parasympathetic dysfunction in the interictal period.

In the present study, patients with left-hemispheric TLE exhibited a decrease in vagal
tone, but no significant differences were found between subgroups with short and long
disease duration. Furthermore, among patients with left TLE, higher seizure frequency was
associated with an increase in sympathovagal balance, indicating a relative reduction in
parasympathetic activity. These findings are consistent with previous reports demonstrating
diminished parasympathetic modulation in drug-resistant epilepsy [28].

In contrast, no significant correlations were observed between disease duration and
autonomic parameters, suggesting that the impact of epilepsy on autonomic regulation
may occur early in the disease course. This interpretation is supported by findings from
Goit et al., who identified increased sympathetic and reduced parasympathetic activity
even in newly diagnosed epilepsy patients [14]. Similarly, Ansakorpi et al. concluded that
epileptic activity, rather than disease duration, exerts a stronger influence on autonomic
modulation [15].

The underlying pathophysiology remains unclear. Dütsch et al. found no evidence that
structural lesions alone explain the observed changes [16]. Subclinical alterations such as
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interictal epileptiform activity, which may precede the first clinically manifest seizures and
thus the diagnosis of epilepsy, may already contribute to early autonomic dysregulation.

4.5. Influence of Antiseizure Medication on Autonomic Cardiovascular Modulation

ASMs, particularly sodium channel blockers, are known to have adverse cardiac
effects. Carbamazepine and phenytoin are frequently cited in this context [18,19,21]. Re-
ported side effects include bradyarrhythmias such as atrioventricular block and asystole,
especially in cases of overdose [13]. For phenytoin, relevant cardiac effects occur mainly
after intravenous administration. Sudden discontinuation of carbamazepine has also been
associated with increased nocturnal sympathetic activity [17].

Studies examining the influence of ASMs on autonomic modulation have suggested
inconsistent results. Some investigations found reduced HRV in patients taking carba-
mazepine compared to untreated controls, whereas others observed no significant change
during long-term monotherapy [13,18,19].

While most previous studies examined patients already receiving ASMs, Persson et al.
analyzed HRV before and after initiation of carbamazepine therapy and demonstrated a
decrease in HRV following treatment onset, suggesting a medication-related effect [19].

Data on newer ASMs are limited. A study investigating patients treated with peram-
panel reported increased HRV compared to controls, suggesting a possible cardioprotective
effect [20]. In contrast, no significant HRV changes were observed in patients receiving
lacosamide monotherapy [21].

In the present study, the overall influence of antiepileptic medication on autonomic
modulation was analyzed, followed by subgroup analyses focusing on sodium channel
blockers. Compared with the control group, patients with rTLE taking three ASMs, as well
as one unmedicated patient with rTLE, showed lower values for sympathetic modulation
(RRI-LF power, SBP-LF power), parasympathetic modulation (RRI-RMSSD), and total
autonomic modulation (RRI-SD, RRI-CV, RRI total power, RRI LF/HF ratio). Similar
alterations were observed in patients with rTLE treated with sodium channel blockers.

These findings support the notion that antiseizure medication alone does not fully
explain autonomic dysregulation in epilepsy. Compared with healthy controls, both med-
icated and unmedicated patients exhibited lower values across multiple autonomic pa-
rameters. However, because only one patient in our cohort was ASM naive, any possible
correlations between the absence of drug therapy and autonomic dysfunction remain highly
speculative. Consequently, antiseizure medication might exert an indirect protective effect
by reducing seizure frequency. Nevertheless, potential medication-induced alterations
in autonomic modulation, particularly under polytherapy, should be carefully consid-
ered. Further studies assessing autonomic function prior to and during treatment could
help identify individual medication effects and guide therapeutic adjustments based on
risk profiles.

4.6. SUDEP

The pathophysiology behind SUDEP remains incompletely understood. It is thought to
involve a combination of cardiac arrhythmia, respiratory failure, and brainstem dysfunction
occurring in the postictal phase [29–31]. In particular, some patients with refractory epilepsy
have been found to have elevated IgG levels and antibodies that target different glutamate
receptor peptides, leading to neuronal loss and persistent epileptic seizures. Therefore,
immune-mediated mechanisms may be considered to play a substantial role in SUDEP [32].
The most prominent risk factors include high seizure frequency and drug-resistant epilepsy.

An autonomic component in the mechanism of SUDEP has been widely discussed,
underscoring the relevance of identifying factors contributing to autonomic dysregulation
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in epilepsy patients. Since SUDEP often follows unwitnessed nocturnal seizures, data
remain limited.

In the MORTEMUS study, 11 cases of SUDEP were analyzed among patients under-
going in-hospital EEG monitoring [33]. In nine of these cases, concurrent ECG data were
available. The sequence of events was similar across cases: postictal loss of consciousness
with respiratory insufficiency and transient, self-limiting tachyarrhythmia, followed by
generalized EEG suppression, bradycardia, and subsequent asystole [33]. These observa-
tions suggest that postictal sympathetic activation occurs initially, while the fatal phase
likely results from a combination of elevated vagal tone and central hypoventilation [33].

Although MORTEMUS patients mainly represented individuals with therapy-resistant
epilepsy, and therefore not the general epilepsy population, similar results have been repli-
cated in animal models [26]. In summary, the mechanisms underlying SUDEP appear
multifactorial. Yet, regardless of the precise mechanism, seizure frequency reduction re-
mains the key preventive strategy. This conclusion is also supported by the present findings,
which indicate that adequate seizure control is associated with less pronounced alterations
in autonomic modulation. Clinically, this underscores the importance of considering fur-
ther therapeutic options, such as epilepsy surgery, in cases of insufficient pharmacological
seizure control.

4.7. Limitations

Despite our findings, several limitations must be mentioned. Overall, the study
includes a rather small cohort, which limits the statistical power of the subgroup analyses
in particular. This aspect is evident when analyzing and interpreting the influence of
ASM on autonomic dysfunction. Although sodium channel blockers were used most
frequently, the high percentage of heterogeneous polytherapy as well as the number of
different substance class medications limits the interpretable significance of the influence
of ASM on autonomic modulation. Furthermore, the limited number of patients does not
allow for a more detailed breakdown of seizure frequency and disease duration within the
analyses. Despite various preliminary studies, only statistical trends and no significant
differences between right-sided and left-sided TLE could be described. A larger cohort
and longitudinal data analysis are still needed to better validate the selected cutoffs for
seizure frequency and disease duration and to add further cutoffs, such as daily, weekly,
and monthly seizure frequency. Finally, further clinical parameters such as validated risk
markers or a longitudinal follow-up are lacking for a clear statement on dysautonomia
in SUDEP.

Until further studies with larger cohorts and possibly also ictal and postictal mea-
surements are conducted, our exploratory data nevertheless reveal important findings in
connection with various clinically relevant parameters associated with autonomic dysfunc-
tion in TLE.

4.8. Conclusions

Besides all mentioned limitations, our results indicate that patients with TLE exhibit
alterations in autonomic cardiovascular modulation. Our results underscore the importance
of sufficient seizure control in order to prevent autonomic complications and fatalities.
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Abbreviations
The following abbreviations are used in this manuscript:

ASM antiseizure medication
TLE temporal lobe epilepsy
RRI R-R-interval
BP blood pressure
CV coefficient of variation
RMSSD root mean square of successive differences
LF low frequency
HF high frequency
SBP systolic blood pressure
SD standard deviation
SeLEAS self-limited epilepsy with autonomic seizures
SUDEP sudden unexpected death in epilepsy
EEG electroencephalography
rTLE right temporal lobe epilepsy
lTLE left temporal lobe epilepsy
DBP diastolic blood pressure
Ct controls
HRV heart rate variability

References
1. Beghi, E. The Epidemiology of Epilepsy. Neuroepidemiology 2020, 54, 185–191. [CrossRef]
2. Thijs, R.D.; Surges, R.; O’Brien, T.J.; Sander, J.W. Epilepsy in adults. Lancet 2019, 393, 689–701. [CrossRef] [PubMed]
3. Akamatsu, N. Progress and Challenges in Epilepsy Treatment. Brain Nerve. 2024, 76, 917–921. (In Japanese) [CrossRef] [PubMed]
4. Kanner, A.M.; Bicchi, M.M. Antiseizure Medications for Adults with Epilepsy: A Review. JAMA 2022, 327, 1269–1281. [CrossRef]

[PubMed]
5. Tomson, T.; Zelano, J.; Dang, Y.L.; Perucca, P. The pharmacological treatment of epilepsy in adults. Epileptic Disord. 2023, 25,

649–669. [CrossRef]
6. Zaccara, G.; Lattanzi, S.; Brigo, F. Cardiac adverse effects of antiseizure medications. Expert Opin. Drug Saf. 2022, 21, 641–652.

[CrossRef]
7. D’Agnano, D.; Cernigliaro, F.; Ferretti, A.; Lo Cascio, S.; Correnti, E.; Terrin, G.; Santangelo, A.; Bellone, G.; Raieli, V.; Sciruicchio,

V.; et al. The Role of the Autonomic Nervous System in Epilepsy and Migraine: A Narrative Review. J. Integr. Neurosci. 2024, 23,
128. [CrossRef]

8. Barot, N.; Nei, M. Autonomic aspects of sudden unexpected death in epilepsy (SUDEP). Clin. Auton. Res. 2019, 29, 151–160.
[CrossRef] [PubMed]

9. Hilz, M.J.; Dütsch, M.; Perrine, K.; Nelson, P.K.; Rauhut, U.; Devinsky, O. Hemispheric influence on autonomic modulation and
baroreflex sensitivity. Ann. Neurol. 2001, 49, 575–584. [CrossRef]

10. Ghchime, R.; Benjelloun, H.; Kiai, H.; Belaidi, H.; Lahjouji, F.; Ouazzani, R. Cerebral Hemispheric Lateralization Associated with
Hippocampal Sclerosis May Affect Interictal Cardiovascular Autonomic Functions in Temporal Lobe Epilepsy. Epilepsy Res. Treat.
2016, 2016, 7417540. [CrossRef]

11. Choudhary, N.; Deepak, K.K.; Chandra, P.S.; Bhatia, S.; Sagar, R.; Jaryal, A.K.; Pandey, R.M.; Tripathi, M. Comparison of
Autonomic Function before and after Surgical Intervention in Patients with Temporal Lobe Epilepsy. J. Epilepsy Res. 2017, 7, 89–98.
[CrossRef] [PubMed]

https://doi.org/10.3390/diagnostics16050698

https://doi.org/10.1159/000503831
https://doi.org/10.1016/s0140-6736(18)32596-0
https://www.ncbi.nlm.nih.gov/pubmed/30686584
https://doi.org/10.11477/mf.1416202708
https://www.ncbi.nlm.nih.gov/pubmed/39117592
https://doi.org/10.1001/jama.2022.3880
https://www.ncbi.nlm.nih.gov/pubmed/35380580
https://doi.org/10.1002/epd2.20093
https://doi.org/10.1080/14740338.2022.2023128
https://doi.org/10.31083/j.jin2307128
https://doi.org/10.1007/s10286-018-0576-1
https://www.ncbi.nlm.nih.gov/pubmed/30456432
https://doi.org/10.1002/ana.1006.abs
https://doi.org/10.1155/2016/7417540
https://doi.org/10.14581/jer.17014
https://www.ncbi.nlm.nih.gov/pubmed/29344466
https://doi.org/10.3390/diagnostics16050698


Diagnostics 2026, 16, 698 18 of 18

12. Dono, F.; Evangelista, G.; Frazzini, V.; Vollono, C.; Carrarini, C.; Russo, M.; Ferrante, C.; Di Stefano, V.; Marchionno, L.P.; De
Angelis, M.V.; et al. Interictal Heart Rate Variability Analysis Reveals Lateralization of Cardiac Autonomic Control in Temporal
Lobe Epilepsy. Front. Neurol. 2020, 11, 842. [CrossRef] [PubMed]

13. Ansakorpi, H.; Korpelainen, J.T.; Suominen, K.; Tolonen, U.; Myllylä, V.V.; Isojärvi, J.I. Interictal cardiovascular autonomic
responses in patients with temporal lobe epilepsy. Epilepsia 2000, 41, 42–47. [CrossRef] [PubMed]

14. Goit, R.K.; Jha, S.K.; Pant, B.N. Alteration of cardiac autonomic function in patients with newly diagnosed epilepsy. Physiol. Rep.
2016, 4, e12826. [CrossRef]

15. Ansakorpi, H.; Korpelainen, J.T.; Huikuri, H.V.; Tolonen, U.; Myllylä, V.V.; Isojärvi, J.I. Heart rate dynamics in refractory and well
controlled temporal lobe epilepsy. J. Neurol. Neurosurg. Psychiatry 2002, 72, 26–30. [CrossRef]

16. Dütsch, M.; Hilz, M.J.; Devinsky, O. Impaired baroreflex function in temporal lobe epilepsy. J. Neurol. 2006, 253, 1300–1308.
[CrossRef]

17. Hennessy, M.J.; Tighe, M.G.; Binnie, C.D.; Nashef, L. Sudden withdrawal of carbamazepine increases cardiac sympathetic activity
in sleep. Neurology 2001, 57, 1650–1654. [CrossRef]

18. Leosuthamas, D.; Limotai, C.; Unwanatham, N.; Rattanasiri, S. Is anti-seizure medication the culprit of SUDEP? Neurol. Sci. 2023,
44, 3659–3668. [CrossRef]

19. Sathyaprabha, T.N.; Koot, L.A.M.; Hermans, B.H.M.; Adoor, M.; Sinha, S.; Kramer, B.W.; Raju, T.R.; Satishchandra, P.; Delhaas, T.
Effects of Chronic Carbamazepine Treatment on the ECG in Patients with Focal Seizures. Clin. Drug Investig. 2018, 38, 845–851.
[CrossRef]

20. Dono, F.; Evangelista, G.; Consoli, S.; Rodorigo, D.; Russo, M.; Carrarini, C.; Di Pietro, M.; De Angelis, M.V.; Faustino, M.;
Anzellotti, F.; et al. Perampanel enhances the cardiovagal tone and heart rate variability (HRV) in patients with drug-resistant
temporal lobe epilepsy. Seizure 2022, 99, 16–23. [CrossRef]

21. Izzi, F.; Placidi, F.; Liguori, C.; Posca, I.; Lauretti, B.; Diomedi, M.; Pisani, A.; Mercuri, N.B.; Rocchi, C. Autonomic functions in
focal epilepsy: A comparison between lacosamide and carbamazepine monotherapy. J. Neurol. Sci. 2020, 418, 117095. [CrossRef]

22. Holtkamp, M.; May, T.W.; Berkenfeld, R.; Bien, C.G.; Coban, I.; Knake, S.; Michaelis, R.; Rémi, J.; Seeck, M.; Surges, R.; et al. First
epileptic seizure and epilepsies in adulthood. Clin. Epileptol. 2024, 37, 87–107. [CrossRef] [PubMed]

23. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart rate
variability: Standards of measurement, physiological inter pretation and clinical use. Circulation 1996, 93, 1043–1065. [CrossRef]

24. Hilz, M.J.; Dütsch, M. Quantitative studies of autonomic function. Muscle Nerve 2006, 33, 6–20. [CrossRef] [PubMed]
25. Seifert, F.; Kallmünzer, B.; Gutjahr, I.; Breuer, L.; Winder, K.; Kaschka, I.; Kloska, S.; Doerfler, A.; Hilz, M.J.; Schwab, S.; et al.

Neuroanatomical correlates of severe cardiac arrhythmias in acute ischemic stroke. J. Neurol. 2015, 262, 1182–1190. [CrossRef]
26. Fontes, M.A.P.; Dos Santos Machado, L.R.; Viana, A.C.R.; Cruz, M.H.; Nogueira, Í.S.; Oliveira, M.G.L.; Neves, C.B.; Godoy, A.C.V.;

Henderson, L.A.; Macefield, V.G. The insular cortex, autonomic asymmetry and cardiovascular control: Looking at the right side
of stroke. Clin. Auton. Res. 2024, 34, 549–560. [CrossRef]

27. Boettger, M.K.; Schulz, S.; Berger, S.; Tancer, M.; Yeragani, V.K.; Voss, A.; Bär, K.J. Influence of age on linear and nonlinear
measures of autonomic cardiovascular modulation. Ann. Noninvasive Electrocardiol. 2010, 15, 165–174. [CrossRef]

28. Athira, S.B.; Pal, P.; Nair, P.P.; Nanda, N.; Aghoram, R. Cardiovascular autonomic function and baroreflex sensitivity in drug-
resistant temporal lobe epilepsy. Epilepsy Behav. 2023, 138, 109013. [CrossRef] [PubMed]

29. Devinsky, O.; Hesdorffer, D.C.; Thurman, D.J.; Lhatoo, S.; Richerson, G. Sudden unexpected death in epilepsy: Epidemiology,
mechanisms, and prevention. Lancet Neurol. 2016, 15, 1075–1088. [CrossRef]

30. Sun, X.; Lv, Y.; Lin, J. The mechanism of sudden unexpected death in epilepsy: A mini review. Front. Neurol. 2023, 14, 1137182.
[CrossRef]

31. Lin, S.; Schwartz, T.H.; Pitt, G.S. Sudden unexpected death in epilepsy: Respiratory vs. cardiac contributions. Cardiovasc. Res.
2025, 120, 2385–2394. [CrossRef]

32. Taiwo, R.O.; Goldberg, H.S.; Ilouz, N.; Singh, P.K.; Shekh-Ahmad, T.; Levite, M. Enigmatic intractable Epilepsy patients have
antibodies that bind glutamate receptor peptides, kill neurons, damage the brain, and cause Generalized Tonic Clonic Seizures. J.
Neural Transm. 2025, 132, 663–688. [CrossRef]

33. Ryvlin, P.; Nashef, L.; Lhatoo, S.D.; Bateman, L.M.; Bird, J.; Bleasel, A.; Boon, P.; Crespel, A.; Dworetzky, B.A.; Høgenhaven, H.;
et al. Incidence and mechanisms of cardiorespiratory arrests in epilepsy monitoring units (MORTEMUS): A retrospective study.
Lancet Neurol. 2013, 12, 966–977. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16050698

https://doi.org/10.3389/fneur.2020.00842
https://www.ncbi.nlm.nih.gov/pubmed/32922353
https://doi.org/10.1111/j.1528-1157.2000.tb01503.x
https://www.ncbi.nlm.nih.gov/pubmed/10643922
https://doi.org/10.14814/phy2.12826
https://doi.org/10.1136/jnnp.72.1.26
https://doi.org/10.1007/s00415-006-0210-3
https://doi.org/10.1212/wnl.57.9.1650
https://doi.org/10.1007/s10072-023-06871-0
https://doi.org/10.1007/s40261-018-0677-6
https://doi.org/10.1016/j.seizure.2022.04.013
https://doi.org/10.1016/j.jns.2020.117095
https://doi.org/10.1007/s10309-024-00693-6
https://www.ncbi.nlm.nih.gov/pubmed/41737715
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1002/mus.20365
https://www.ncbi.nlm.nih.gov/pubmed/15965941
https://doi.org/10.1007/s00415-015-7684-9
https://doi.org/10.1007/s10286-024-01066-9
https://doi.org/10.1111/j.1542-474x.2010.00358.x
https://doi.org/10.1016/j.yebeh.2022.109013
https://www.ncbi.nlm.nih.gov/pubmed/36525923
https://doi.org/10.1016/s1474-4422(16)30158-2
https://doi.org/10.3389/fneur.2023.1137182
https://doi.org/10.1093/cvr/cvae170
https://doi.org/10.1007/s00702-024-02855-2
https://doi.org/10.1016/S1474-4422(13)70214-X
https://doi.org/10.3390/diagnostics16050698

	Introduction 
	Materials and Methods 
	Patient Selection 
	Clinical and Epilepsy Parameters 
	Parameters of Autonomic Cardiovascular Modulation 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Association Between Autonomic Modulation and Hemispheric Localization of TLE 
	Association Between Autonomic Modulation, Disease Duration, and Seizure Frequency 
	Association Between Autonomic Modulation and Antiseizure Medication 
	Association Between Autonomic Modulation and Age 

	Discussion 
	Summary of Key Findings 
	Influence of TLE Localization on Autonomic Cardiovascular Modulation 
	Influence of (Patient) Age on Autonomic Cardiovascular Modulation 
	Influence of Seizure Frequency and Disease Duration on Autonomic Cardiovascular Modulation 
	Influence of Antiseizure Medication on Autonomic Cardiovascular Modulation 
	SUDEP 
	Limitations 
	Conclusions 

	References

