
 

 
 

 

 

 

 

Epilepsy and Physical Activity 

– 

Risks, Benefits, and the Impact on Autonomic Control 

 

 

 

Cumulative dissertation for the academic degree of 

Doctor rerum medicinalium 

(Dr. rer. medic.) 

 

 

by 

Franziska van den Bongard 

 

 

 

 

 

 

April 2024



 

i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor: Prof. Dr. Dr. Claus Reinsberger 

Co-Supervisor: Prof. Dr. Dr. Philipp Zimmer 

 

April 03, 2024 



 
 

ii 

Danksagung 

An erster Stelle danke ich meinem Doktorvater Prof. Dr. Dr. Claus Reinsberger. Ich danke 

dir für das Vertrauen, das du mir bereits vor Jahren entgegengebracht hast und mir die 

Chance gegeben hast, mich fachlich und persönlich weiterzuentwickeln. Du hast mich 

stets dazu motiviert, an mir zu arbeiten und die mir gestellten Herausforderungen 

erfolgreich zu meistern. Ich danke dir auch für dein Dasein auf persönlicher Ebene, für 

dein stets offenes Ohr, für dein Verständnis und für deine Unterstützung. 

 

Mein Dank gilt außerdem Prof. Dr. Dr. Philipp Zimmer, der sich bereiterklärt hat, das 

Zweitgutachten für diese Dissertation zu übernehmen. 

 

Ein großer Dank geht auch an die Probanden meiner Studie. Ich danke Ihnen und euch 

für die Teilnahme und für die Geduld während der langen Untersuchungstage. Jeder 

einzelne von Ihnen und euch motiviert mich an diesem Thema weiterzuarbeiten. 

 

Die vielen Untersuchungstage hätte ich ohne den unermüdlichen Einsatz von Jessica 

Coenen nicht stemmen können. Danke, dass du bedingungslos an meiner Seite warst und 

all die Hochs und Tiefs mitgetragen hast. Ohne dich hätte ich dieses Projekt nicht 

abschließen können. Franziska Haase, Christian Gölz, Roman Gaidai und Carina Delling, 

euch bin ich ebenfalls sehr dankbar für eure Unterstützung rund um die Messungen. 

Außerdem möchte ich Michaela Langrock und Fabian Hartmann nennen. Ich danke euch 

für eure Unterstützung durch eure Expertise in allen Laborfragen. Sophie Wieners und 

Prof. Dr. Hans-Christian Heitkamp möchte ich ebenfalls für ihre ärztliche Unterstützung 

in diesem Projekt danken.  

Die Jahre haben gezeigt, dass solch ein Projekt nicht von einer Person allein bewältigt 

werden kann. Daher bin ich dem gesamten Sportmedizin Team sehr dankbar, der 

Austausch mit euch hat mich stetig fachlich weitergebracht. Darüber hinaus danke ich 

euch für die mentale Unterstützung. Ihr habt stets dafür gesorgt, dass ich die Rückschläge 

und Stillstände akzeptieren konnte, an ihnen gewachsen bin und wieder nach vorne sehen 

konnte. 

 



 
 

iii 

Ganz besonders bedanken möchte ich bei meiner Freundin Julia Gowik, die mich auch 

über viele Jahre als Kollegin begleitet hat. Ohne dich, würde ich heute nicht dort stehen, 

wo ich bin. Danke für all deine Unterstützung und deinen Einsatz, den du mir persönlich 

und diesem Projekt entgegengebracht hast. 

 

Ein herzlicher Dank gilt auch meiner Familie und meinen Freunden. Danke, für eure 

Geduld euch meine Sorgen und Gedanken immer wieder anzuhören. Danke, für eure 

Ratschläge, eure Unterstützung und besonders für die willkommenen Ablenkungen 

innerhalb dieser Promotionszeit. 

Im besonderen Maße danke ich meinem Ehemann Peter. Danke, dass du mir stets den 

Rücken gestärkt und mir Mut zugesprochen hast, mich auf andere Gedanken und immer 

wieder zum Lachen gebracht hast. Bei dir konnte ich Kraft tanken, um mein Ziel nie aus 

den Augen zu verlieren. 

 



 
 

iv 

Declaration of Authorship 

I hereby declare that the presented work is, to the best of my knowledge and belief, the 

result of my own research. Support during the research process or co-author contributions 

are presented for each publication. The work has not been submitted, either partly or 

completely, for a degree at this or another university. Content and ideas taken from other 

sources are - to the best of my knowledge and belief - cited correspondingly.  

I have read, understood, and accepted the PhD regulations (“Promotionsordnung NW”) 

from the 31st of March 2021 (AM.UNI.PB 10.21). 

 

 

__________________________   ____________________________ 

Place, Date      Franziska van den Bongard 

 



 
 

v 

Abstract 

Physical activity has not been recommended for patients with epilepsy (PWE) for a long 

time. The evidence synthesis showed that some patients experience exercise-induced 

seizures, however, in most PWE physical activity does not trigger seizures. Furthermore, 

exercise and physical activity have the potential to reduce depression and anxiety in 

epilepsy. In a cross-sectional cohort study, an exhaustive exercise test on a bicycle 

ergometer was conducted with 25 PWE (n=19 seizure-free). In two patients a change in 

epileptiform activity was observed after exercise. When compared to a healthy matched 

control group (n=25), a significantly lower maximum heart rate and chronotropic 

response but a similar physical fitness level was shown. Changes within the autonomic 

nervous system are suspected reasons for this group difference, which could increase the 

risk of sudden unexpected death (SUDEP). Furthermore, a different interaction of 

peripheral and central sympathetic activity between the groups after exercise was 

observed. However, the heterogeneity of epilepsy and seizure characteristics could limit 

the results. The results suggest the extensive impact of epilepsy. By showing the potential 

benefits of physical activity for PWE, this might be used to also influence network 

alterations and therefore address the risk for life-threatening conditions in epilepsy, such 

as the SUDEP. In the next step, an exercise intervention should be conducted to 

investigate the influence of chronic exercise on seizure characteristics and autonomic 

functions in epilepsy.  
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Zusammenfassung 

Körperliche Aktivität wurde für Patienten mit Epilepsie (PWE) lange Zeit nicht 

empfohlen. Die Evidenzsynthese zeigte, dass manche Patienten durch körperliche 

Aktivität induzierte Anfälle erleben, jedoch bei den meisten PWE dadurch keine Anfälle 

auslöst werden. Außerdem kann körperliche Aktivität Depressionen und Angstzustände 

bei Epilepsie reduzieren. In einer Querschnitts-Kohortenstudie wurde mit 25 PWE (n=19 

anfallsfrei) ein ausbelastender Test auf einem Fahrradergometer durchgeführt. Bei zwei 

Patienten wurde eine Änderung epileptiformer Aktivität nach Belastung beobachtet. 

Darüber hinaus wurde eine niedrigere maximale Herzfrequenz und chronotrope Reaktion, 

aber ein ähnliches körperliches Fitnessniveau im Vergleich zu einer gesunden, 

gematchten Kontrollgruppe (n=25) festgestellt. Veränderungen im autonomen 

Nervensystem werden als Ursache für diesen Gruppenunterschied vermutet, die das 

Risiko für plötzlichen unerwarteten Tod (SUDEP) erhöhen könnten. Außerdem wurde 

eine unterschiedliche Interaktion der peripheren und zentralen sympathischen Aktivität 

zwischen den Gruppen nach dem Training beobachtet. Heterogene Epilepsie- und 

Anfallscharakteristika könnten die Ergebnisse jedoch einschränken. Die Ergebnisse 

weisen auf weitreichende Auswirkung der Epilepsie hin. Durch den potentiellen Nutzen 

von körperlicher Aktivität, könnte diese genutzt werden, um die Netzwerkveränderungen 

anzugehen und damit das Risiko für lebensbedrohliche Zustände bei Epilepsie, wie 

SUDEP, zu verringern. Im nächsten Schritt sollte eine Trainingsintervention durchgeführt 

werden, um den Einfluss von chronischem Training auf das Anfallsgeschehen und die 

autonomen Funktionen bei Epilepsie zu untersuchen.  
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1 Introduction 

Epilepsy is one of the most common neurological diseases [1] and is “characterized by 

an enduring predisposition to generate epileptic seizures” [2]. Uncontrolled seizures, 

depression, and anxiety often have a significant impact on the quality of life in people 

with epilepsy (PWE) [3,4]. Currently, as the primary goal of epilepsy therapy, medical 

treatment is used to reduce seizure frequency and at best to achieve seizure freedom [5]. 

However, medical treatment can be associated with side effects [6,7], which may reduce 

quality of life.  

 

In neurological diseases such as stroke or multiple sclerosis (MS), physical activity is 

commonly used for rehabilitative purposes [8]. In contrast, in epilepsy, patients have been 

discouraged from being physically active for a long time [9]. One main reason for this 

ban was and is the fear of exercise-induced seizures [9]. This may influence the perception 

of physical activity in PWE and their willingness to participate in physical activities. 

Currently, it seems that this perception of physical activity in epilepsy is changing as it is 

starting to be considered a complementary therapy for PWE [10].  

 

It is of interest of how PWE can benefit from physical activities. Potential benefits should 

target epilepsy and seizure characteristics as well as other important health determinants, 

such as cardiovascular health. This patient group is known to have restricted 

cardiovascular health which may increase the risk of cardiac events [11] and even sudden 

death [12]. The autonomic nervous system (ANS) is assumed to play a significant role in 

this context [13]. Since a central network in the brain controls the ANS and it is assumed 

that epilepsy is a network disease [14], this network and therefore also autonomic 

functions might be impacted [13,15]. The well-described autonomic dysfunction in 

epilepsy seems to have widespread consequences as it could increase the risk for life-

threatening events like sudden unexpected death (SUDEP) in epilepsy [13].  

 

This dissertation summarizes current scientific literature on the impact of physical 

activity on seizures and comorbidities in epilepsy. Additionally, in a cross-sectional 

cohort study with PWE and age, sex and body mass index (BMI) matched healthy 

controls, an exhaustive exercise test was conducted. The study investigated physical 
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fitness, as well as cardio autonomic activity and central network activity before and after 

the exhaustive exercise test. Additionally, the influence of acute exercise on seizures was 

examined.   



Current State of Research 
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2 Current State of Research 

The amount of literature in the field of epilepsy and physical activity and exercise has 

grown in recent years. A PubMed search for “epilepsy AND (“physical activity” OR 

exercise)” yields 36, 40, and 34 hits in the years 2010, 2011, and 2012, and 96, 105, and 

80 hits in the years 2020, 2021, and 2022. However, compared to other neurological 

diseases, for example, dementia (179, 206, 216 hits in 2010, 2011, 2012; 698, 750, 757 

hits in 2020, 2021, 2022) or stroke (784, 885, 980 hits in 2010, 2011, 2012; 1775, 1977, 

1932 hits in 2020, 2021, 2022), the number of published articles is rather low. This 

indicates a need for more research on epilepsy and physical activity. This will strengthen 

the results of the first studies, which have indicated some positive effects.  

 

This chapter provides relevant background information for the aims and hypotheses of 

this dissertation. It focuses on the topic of physical activity and epilepsy in comparison 

to research on physical activity and other neurological diseases. The risk of exercising 

with epilepsy is described and the current physical activity recommendations for PWE 

are presented. Additionally, it provides basic information on epilepsy and seizure 

characteristics. Furthermore, this scientific literature chapter highlights the significance 

of cardiovascular health as a crucial health determinant, which is known to be restricted 

in epilepsy. The impact of the ANS in this context is a significant aspect of this scientific 

literature chapter. Lastly, the text discusses the utilization of exercise tests in this area. 

2.1 Physical Activity and Exercise in Epilepsy 

Physical activity is defined as “any bodily movement produced by skeletal muscles that 

results in energy expenditure” [16], whereas exercise is a subset of physical activity that 

“is planned, structured, and repetitive […]” [16]. Exercise tests can be used as a tool to 

determine fitness levels and for training control [17]. Those exercise tests are even used 

for diagnostic purposes to examine pathological changes in the body. For instance in 

cardiology, exercise tests have been used to detect alterations [18,19] for a long time. 

 

Furthermore, exercise is not only used as a diagnostic tool for diseases. The term 

“exercise is medicine” became popular in the last decades [20–23], but exercise and 



Current State of Research 

 

4 

physical activity have been applied in the treatment of diseases for hundreds of years [23] 

and are meanwhile the focus of modern research. Nowadays, physical activity and 

exercise are used in the prevention and rehabilitation of various diseases, such as 

cardiovascular diseases [24–26], obesity [24], type 2 diabetes [25], and different types of 

cancer [26]. 

 

In recent years, research has focused on the use of physical activity as a rehabilitative 

strategy for neurological diseases [8]. In cases of stroke, it can contribute to rehabilitation. 

A Cochrane meta-analysis included 58 trials and analyzed them regarding the effect of 

improved physical fitness on stroke-induced disabilities. It was shown that especially 

cardiorespiratory training reduces disabilities during or after usual stroke care [27]. 

Moreover, physical activity can contribute to improving cardiovascular fitness, walking 

ability, and level of depression after stroke [8]. Furthermore, exercising has an impact on 

mortality risk among stroke patients, because physical activity interventions were more 

effective in reducing mortality risk, compared to usual drug treatment [28].  

 

People with MS can benefit from the impact of physical activity on disease symptoms. A 

randomized controlled trial showed improved verbal memory, executive functions, and 

fitness levels following high-intensity training [29]. A Cochrane meta-analysis focused 

on the effectiveness of exercise programs compared to no exercise in patients with MS. 

The main finding was that exercise therapy was beneficial for improving fatigue. 

Furthermore, no significant association between exercise and MS relapse risk could be 

observed [30]. 

 

For dementia, there are some hints of a positive impact of physical activity on disease 

risk. Epidemiological studies showed that a higher lifelong physical activity level might 

reduce the risk of developing dementia [31,32]. Furthermore, a systematic review and 

meta-analysis revealed that supervised training improves walking ability and balance in 

people with dementia [33]. Additionally, a Cochrane meta-analysis indicated a positive 

impact of exercise programs on the ability to perform activities of daily living in dementia 

patients [34]. 
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While studies are reporting positive results for the mentioned diseases, it is important to 

note that there are also studies that do not show any improvements. Nevertheless, the 

interest in the impact of physical activities and exercise on neurological diseases, such as 

stroke, MS, and dementia is growing and its application successfully implemented. For 

epilepsy, the interest, acceptance, and implementation are still restricted. 

 

Epilepsy is one of the most common neurological diseases [1]. The incidence and 

prevalence of epilepsy were analyzed by a systematic review and meta-analysis, 

published in 2017. The pooled incidence rate was 61.44 per 100,000 person-years (95% 

CI 50.75-74.38) [1]. For active epilepsy, the point prevalence was 6.38 per 1,000 persons 

(95% CI 5.57-7.30) and the lifetime prevalence was 7.60 per 1,000 persons (95% CI 6.17-

9.38) [1]. Epilepsy is independent of sex, age, geographical location, race, and social class 

[35]. Seizures, as a main symptom of epilepsy, are defined as “transient occurrence of 

signs and/or symptoms due to abnormal excessive or synchronous neuronal activity in the 

brain” [2]. They are classified by their onset as focal, generalized, or unknown. For focal 

onsets, seizures are classified as either seizures with sustained awareness or seizures with 

impaired awareness. In general, all three classifications can be categorized into motor and 

nonmotor seizures. Some seizures cannot be classified into any of the three categories. 

For those cases, a fourth category “unclassified” is used [36]. Features including seizure 

types, imaging, and electroencephalography (EEG) techniques tend to appear together 

and age-related features, such as age of epilepsy onset, seizure triggers, and intraday 

variations contribute to a diagnosis of an epilepsy syndrome [37]. Syndromes are 

temporal lobe epilepsy or idiopathic genetic epilepsy, for instance, juvenile absence 

epilepsy or grand mal epilepsy, to name only a few [38]. These are caused by structural, 

genetic, infectious, metabolic, immune, or unknown etiologies [37]. Comorbidities like 

depression [39] and anxiety [40] are often associated with epilepsies. The classification 

of epilepsy is of importance since it provides treatment implications. Anti-seizure drugs 

(ASD) are used as the standard treatment for controlling epileptic seizures. 

Approximately 70% of PWE achieve seizure freedom [41], while the remaining 30% are 

patients with therapy-refractory seizures [42].  
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As the positive influence of physical activity is known for other neurological diseases, a 

question of interest is whether physical activity might affect symptoms in epilepsy as 

well. PWE were discouraged from participating in physical activities and exercise for a 

long time. One reason for this is the fear of exercise-induced seizures [43]. The 

recommendation that patients should not be active may affect their attitude towards and 

their participation in physical activities. In addition to the fear of seizures, the related fear 

of injuries is also a reason for the ban on exercise. Although, it was shown that, the 

number of exercise-associated injuries is not higher in epilepsy patients compared to 

healthy controls [44,45]. Swimming however poses a higher risk for accidents in a seizure 

situation, but an evaluation of drowning deaths showed that only a small number was 

directly seizure-related (25 from 482 cases) [44].  

 

An individual risk assessment can help find the right and safe type of exercise for each 

patient. Risk assessments are recommended by the International League Against Epilepsy 

(ILAE). The ILAE pointed out that consideration of each epilepsy patient’s ability to be 

physically active is more efficient than a general restriction or ban on physical activities 

[46]. They categorized types of physical activities into three main categories according to 

their “risk of injury or death for patients with epilepsy, or for bystanders, should a seizure 

occur during the event” [46]. The categories range from (1) “no significant additional 

risk” (e.g., collective sports on the ground), over to (2) “moderate risk to patients with 

epilepsy but not to bystanders” (e.g., cycling), and (3) “high risk for patients with epilepsy 

and, for some sports, also for bystanders” (e.g., motor sports). For the individual risk 

assessment, different factors have to be considered: type of sport, probability that a 

seizure occur, seizure triggering factors, type and severity of seizure, usual time of seizure 

occurring, and attitude of the patient [47].  

 

Nevertheless, a question that arises is whether an acute physical effort increases the risk 

of seizures. Fialho et al. (2017) [48] conducted an exhaustive exercise test on a treadmill 

with 30 PWE. One patient experienced a seizure twelve minutes after the end of the 

exercise test. The authors reported that no major complications were observed during the 

exercise test. This study suggests that acute exercise does not increase the risk for 

exercise-related seizures for many PWE. However, it indicated that there are also cases 
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that experience those seizures. Exercise-induced seizures were not the only outcome 

under investigation in that study. Other exercise-related outcomes indicate that 

physiological aspects have to also be considered in the context of epilepsy and physical 

activity. 

2.2 Cardiovascular Alterations in People with Epilepsy 

Fialho et al. (2017) [48] evaluated exercise test variables in the 30 PWE without known 

cardiovascular disease and 30 healthy sex, BMI, and age matched controls. Peak heart 

rate during exercise on the treadmill was significantly lower in the epilepsy group 

(p=0.002). Furthermore, exercise duration (p=0.004) and achieved Bruce stage (p=0.004) 

were significantly lower. Only 76.7% or 80%, following Karvonen’s [49] or Tanaka’s 

[50] formula for age-predicted maximum heart rate, of the epilepsy patients reached a 

maximum heart rate ≥85% of the age-predicted maximum heart rate. Whereas 100% of 

the controls reached this (≥85%). Therefore, chronotropic incompetence was more 

prevalent in PWE (p<0.05). Chronotropic incompetence describes the inability to increase 

heart rate in response to increased activity (e.g., due to exercise) [12]. That means a heart 

rate failure to achieve 85% or 80% of the age-predicted heart rate [12]. It is known that 

this cardiac inability to respond adequately to a stimulus increases the risk of death [51]. 

 

Cardiac alterations seem to be frequent in epilepsy. Based on a National Health Interview 

Survey (95,196 adults), it was shown that 21% of adults with a history of epilepsy 

reported heart disease whereas only 11.7% of the adults without epilepsy history reported 

this. The biggest percentage difference (14.1 percentage points) for heart disease between 

these two groups was found for the age group 45-64 years [52]. Moreover, in the ten-year 

follow-up of the Oregon Sudden Unexpected Death Study, it was shown that epilepsy 

patients with sudden cardiac arrest (55±25 yrs.) were younger (p<0.001) than people 

without epilepsy (63±19 yrs.). Interestingly, cardiovascular characteristics did not differ 

between patients with and without epilepsy diagnosis. Information about seizure activity 

before sudden cardiac arrest was available for 30% of epilepsy patients. Seizure-like 

activity was present before the sudden cardiac arrest in 34% of these cases. For 10% of 

the patients without epilepsy, seizure-like activity was present before the event as well 

[53]. 
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Verrier et al. (2020) [11] tried to describe cardiac alterations observed in the epilepsy 

population more specifically. They proposed the concept of “the epileptic heart” and 

defined it as “a heart and coronary vasculature damaged by chronic epilepsy as a result 

of repeated surges in catecholamines and hypoxemia leading to electrical and mechanical 

dysfunction” [11]. Postmortem findings, such as cardiomegaly, seizure-induced cardiac 

findings, like myocardial structural changes, clinical findings like ventricular stiffness, 

and also ECG-based findings like ST-segment changes support the concept of the 

epileptic heart [11]. Cardiac alteration can be life-threatening and increase the risk of 

sudden death [54]. A nationwide study showed, in a population of people between the age 

of 1 to 35 years, that an epilepsy diagnosis was associated with an increased risk of dying 

suddenly and without explainable cause (hazard ratio 27.6, 95% CI 18.1-41.9). This 

model was adjusted for sex [55]. The pathophysiological mechanisms responsible for an 

increased risk of dying suddenly in epilepsy seem to be multiple [11]. 

 

Dying suddenly and unexplained is a known problem in epilepsy. This phenomenon is 

described as SUDEP. It is defined as “sudden, unexpected, witnessed or unwitnessed, 

nontraumatic and non-drowning death in patients with epilepsy, with or without evidence 

for a seizure and excluding documented status epilepticus, in which postmortem 

examination does not reveal a toxicologic or anatomic cause for death” [56]. The 

incidence of SUDEP varies between epilepsy populations. Based on a systematic review, 

in children with epilepsy (0-17 yrs.), the incidence of SUDEP risk was 0.22 per 1,000 

patient-years (95% CI 0.16-0.31), and in adults with epilepsy 1.2 per 1,000 patient-years 

(95% CI 0.64-2.32) [57]. This cause of death seems to affect all age groups in the epilepsy 

community. However, the risk for SUDEP is influenced by the severity of the disease and 

by the success of treatment [58]. Therefore, some SUDEP risk factors have been 

identified. A 27-fold risk increase for SUDEP (OR 26.81, 95% CI 14.86-48.38) was 

linked with having generalized tonic-clonic seizures in the last year. Furthermore, 

experiencing this type of seizure during the night in the last year, led to a 15-fold risk 

increase (OR 15.31, 95% CI 9.57-24.47). Social aspects like living alone (5-fold, OR 

5.01, 95% CI 2.95-8.57) and not sharing the bedroom with another person while also 

experiencing generalized tonic-clonic seizures (OR 67.10, 95% CI 29.66-151.88), led to 



Current State of Research 

 

9 

an increased risk. Moreover, substance abuse or alcoholism increased the SUDEP risk 

[59]. Additionally, the number of anti-seizure medications and no anti-seizure drug 

treatment at all, extratemporal epilepsy, intellectual disability, male gender, and 

anxiolytic drugs were associated with an increased risk [57]. Although, there is general 

knowledge about important risk factors for SUDEP, the etiology of this cause of death is 

still unknown [60,61]. Suggested mechanisms are tonic-clonic seizure-triggered cerebral 

suppression-apnoea-asystole, ictal (during seizure) asystole, tonic-clonic seizure-

triggered ventricular tachycardia and fibrillation, interictal (between seizures) ventricular 

tachycardia and fibrillation and interictal cerebral suppression-apnoea-asystole [58].  

Another suggestion is that autonomic dysfunction might impact cardiac function which 

could lead to SUDEP [13,62]. Also, Fiahlo et al. (2017) [48] suggest that the observed 

chronotropic incompetence in temporal lobe epilepsy patients might be driven by 

autonomic dysfunction. This dysfunction describes an imbalance between the two 

branches of the ANS and might lead to cardiorespiratory changes ictally and interictally. 

It is hypothesized that changes in the central autonomic network (CAN), caused by 

repeated seizures and interictal epileptic discharges [63], lead to autonomic alterations 

[64]. 

2.3 Central and Peripheral Autonomic Nervous System 

The ANS is centrally controlled by the brain. Besides important integrative control 

centers located in the brain stem, a whole network, the CAN, is involved in autonomic 

control [65]. The CAN contains and connects widespread cortical and subcortical regions 

[65] and the brain stem [66]. Insula, amygdala, hypothalamus, periaqueductal gray, 

parabrachial complex, solitary tract nucleus, ventrolateral portions of the medulla, 

thalamus, medial prefrontal cortex, precuneus, cerebellum, and anterior cingulate cortex 

are assumed to be regions of the CAN [66]. Information of the central control instance of 

the ANS reaches out to the peripheral part of the ANS, the organs, via two divisions: the 

sympathetic and parasympathetic branches [67]. Sympathetic activation predominates in 

“fight or flight” conditions [67]. During emergency or stressful situations or exercise, 

sympathetic activity increases [67]. On the other side, during resting and relaxing 

conditions (“rest and digest”), parasympathetic activity predominates [68]. The two 

branches are working antagonistically, however, they interact in nonlinear antagonism 
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which means that high sympathetic and parasympathetic activity can be observed at the 

same time [15]. Additionally, there is a third division called the enteric nervous system 

that is influenced by the sympathetic and parasympathetic branches. The sphere of action 

of this division is in the digestive tract [69]. Two neuronal populations are involved in the 

sympathetic and parasympathetic efferent outflow to the organs. The preganglionic 

neurons can be found within the brain stem and the spinal cord. Therefore, these types of 

neurons are part of the central autonomic nervous system. The postganglionic neurons, 

as the second population of these serially connected neurons, are grouped and reach the 

organs [69]. On the other hand, neurons in the dorsal root ganglia or the cranial nerve 

ganglia are responsible for transferring the visceral afferent information [69]. It has to be 

distinguished between the different effector organs of the ANS in the sense of pathway 

specificity. For instance, for the sympathetic nervous system, an “all-or-none” law is 

inappropriate and does not reflect the ANS organization [70]. 

 

The two divisions of the ANS affect most of the target organs like the eyes, lungs, or 

bladder [67]. When examining the body’s response during or after exercise, the heart 

plays a crucial role. It is under reflexive control through cardiac autonomic nerves, but it 

is also controlled by central autonomic commands [15]. Cardiac function is influenced by 

both branches of the ANS. Simplified, sympathetic activation leads to an increase in heart 

rate and parasympathetic activation to a decrease. However, of note, both branches are 

not interacting linearly. A dysfunction in the interaction of the ANS might become visible 

in a resting heart rate or also during or after exercise in terms of chronotropic 

incompetence [12,51]. Besides organs that are influenced by both ANS branches, eccrine 

sweat glands are innervated by nerve fibers of the sympathetic branch only. Therefore, 

their activity serves as a reference for sympathetic activity [71]. 

 

The heart rate variability (HRV) can be used for the estimation of ANS activity and 

combines parameters that assess the complexity of the heart rhythm. HRV is, by 

definition, the „change in the time intervals between adjacent heartbeats” [72]. 

Parameters of HRV assess mixed sympathetic and parasympathetic as well as pure 

parasympathetic activity since the ANS regulates heart function [73]. It can be assessed 

by different analytical approaches. Time domain analysis, as well as frequency domain 
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analysis, are the most frequently used approaches [72]. Electrocardiography (ECG) is the 

gold standard method for recording the heart rhythm and therefore also for HRV analysis 

[74]. 

 

In general, time domain parameters refer to the interbeat intervals and the variability in 

them. As one example of the time domain parameters, the „root mean square of successive 

RR interval differences“ [75] called RMSSD (in ms) is a parameter reflecting 

parasympathetic activation. Frequency-domain parameters focus on the frequency bands. 

The measures estimate the distribution of relative and absolute power in these bands. 

Ultra-low-frequency (ULF, ≤0.003 Hz), very-low-frequency (VLF, 0.0033–0.04 Hz), 

low-frequency (LF, 0.04–0.15 Hz), and high-frequency (HF, 0.15–0.4 Hz) are the bands 

between it is distinguished when looking at heart rate oscillations. Furthermore, the ratio 

between the low-frequency and high-frequency bands is of interest as a presumed marker 

for vagal-sympathetic effects [76]. The parasympathetic or a mixture of the 

parasympathetic and sympathetic branches of the ANS contribute to these parameters 

[75].  

 

The electrodermal activity (EDA) is the only marker reflecting pure sympathetic 

activation [77] due to the innervation of the sweat glands. In general, EDA summarizes 

changes in the electrical properties of the skin [78]. It can be measured by different 

methods, by endosomatic recordings, where no external current is applied, or by 

exosomatic recordings, where direct or alternating current is applied to the skin [79]. As 

the gold standard, two electrodes are placed on the fingers of the non-dominant hand [80].  

 

Parameters of the HRV and EDA, are commonly used parameters in the field of epilepsy 

and exercise to investigate autonomic functions. This is done both in seizure situations 

[81,82] and in seizure-free periods [83]. In both conditions, it was shown that autonomic 

alterations could be detected. 

2.3.1 Autonomic Function in Epilepsy 

In patients with convulsive seizures, over the course of seizure and compared to the post-

ictal state (after seizure) an increase in LF power (p=0.02) (para- and sympathetic 

activation), as well as a decrease in HF power (p=0.02) (parasympathetic activation) and 
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LF/HF ratio (p=0.02) was observed [84]. In patients with newly diagnosed epilepsy, 

significantly higher ictal LF component (p=0.04) compared to pre-ictal (before seizure) 

and interictal states were observed. Additionally, a higher HF component during the ictal 

state compared to interictal (p=0.01) and pre-ictal (0.003) states was detected. A higher 

LF/HF ratio during pre-ictal (p=0.0002), ictal (p<0.0001), and post-ictal (p<0.0001) states 

as well as a higher RMSSD in the interictal state compared to all other states (pre-ictal 

p=0.001, ictal p=0.02, post-ictal p=0.01) were shown [85]. Peri-ictal (time around a 

seizure) autonomic disturbances were also detected in another study, investigating 

patients with generalized tonic-clonic seizures and focal seizures with impaired 

awareness (complex partial seizures). For both types of seizures, heart rate was elevated 

(p<0.05) and HF power (p<0.05) was decreased post-ictal. For generalized tonic-clonic 

seizures, EDA (sympathetic activation) was significantly increased for 56 minutes after 

seizure (p<0.05) [82]. A systematic review included 19 studies, all showing an EDA 

response to seizures. An increase was detected in 14 studies and five studies noticed that 

generalized and focal seizures can induce an EDA response which seems to be more 

pronounced in generalized seizures. The systematic review included epilepsy patients of 

all ages with mixed syndromes and seizure types [86]. It can be noted that autonomic 

activity changes in response to seizures with a suggested sympathetic dominance. 

 

A systematic review and meta-analysis on HRV in epilepsy patients and ASDs included 

30 studies in the analysis. In comparison to healthy controls, it was shown that the HF 

index was lower in PWE (hedge’s g -0.69), however, no group difference was observed 

for the LF index (hedge’s g -0.18). Based on the standard deviation of normal-to-normal 

interval and RMSSD, patients presented lower values [83]. Horinouchi et al. (2019) [87] 

compared epilepsy patients and healthy controls in a resting state. They found a decreased 

EDA in patients compared to healthy controls. A comparison of newly diagnosed PWE 

and healthy controls revealed lower RMSSD (p<0.05) and lower percentage of 

consecutive RR intervals that differ more than 50 msec (p<0.05) in the patient group. 

Lower HF power (p<0.05), HF (normalized unit) (p<0.05), and LF power (p<0.05) and 

higher LF (normalized unit) (p<0.05) and LF/HF ratio (p<0.05) were shown in PWE [88]. 

Results indicate differences in autonomic activity in PWE compared to healthy controls, 
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however, a specific direction cannot be described due to the lack of data and heterogenous 

study designs and outcomes.  

 

Nevertheless, it may be suggested that the ANS responds to seizures with sympathetic 

dominance. Additionally, the ANS activity in resting state seems to be different between 

PWE and healthy controls. Although some data on the alterations of autonomic activity 

in epilepsy are available, the underlying mechanisms are still unknown. As described, the 

ANS is organized on a central and peripheral level, strongly interacting with each other. 

It is assumed that the autonomic alterations in epilepsy might have their origin in the 

network of autonomic control, the CAN [13]. 

2.3.2 Central Alterations in Epilepsy 

The brain is organized into several overlapping networks [89], for example, the CAN, the 

default mode network, and the visual network (VIS) [90]. In general, networks consist of 

nodes and edges that connect different brain areas [89]. Brain activity can be examined 

by methods, such as EEG or functional Magnetic Resonance Imaging (fMRI). fMRI is a 

method directly measuring brain activation by Blood-Oxygenation-Level Dependent 

Effect [91]. This method has a high spatial resolution [92] but with high costs. Another 

method that can be used for analyzing the brain is EEG [91]. EEG focuses on cortical 

activity arising from summed postsynaptic potentials in the brain [93] and has a high 

temporal resolution [94]. Connectivity parameters can be used to describe brain network 

activity. The different types of connectivity are structural, functional, and effective 

connectivity. Structural connectivity relates to the anatomical organization of a brain 

network and is usually investigated by Magnetic Resonance Imaging (MRI). Functional 

connectivity reflects the statistical dependency between signals and can be analyzed by 

fMRI or EEG. Effective connectivity is defined as causality, meaning the influence that 

one neuronal system exerts over another system [95].  

 

To investigate assumed alterations in the CAN and therefore the supposed origin of 

autonomic changes in epilepsy, functional connectivity is of particular interest. This is 

because altered communication within a network can be explored. In general, the CAN is 

not a well-researched network among PWE and there is limited data on specific 

alterations within this network. Since changes in autonomic activity are assumed to play 
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a role in SUDEP, studies on this topic can be used to approach CAN changes in epilepsy 

[96]. However, these studies do not directly address the CAN and only provide an idea of 

brain alterations that may be related to the CAN. 

 

Allen et al. (2017) [97] examined the dysfunctions in brain networks that are involved in 

autonomic regulatory processes using resting state fMRI in patients with temporal lobe 

epilepsy who are at high risk of SUDEP. Compared to patients at low risk, patients at 

high risk showed widespread functional connectivity differences in brain regions that are 

important for autonomic regulations (thalamus, brain stem, anterior cingulate, putamen, 

amygdala). Risk stratification was done based on epilepsy duration, epilepsy onset, 

generalized tonic-clonic seizures per year, and nocturnal seizures. Tang et al. (2014) [98] 

used a similar methodology and compared patients at low risk and high risk of SUDEP 

by using resting state functional connectivity based on fMRI. Patients at high risk had 

significant reductions in functional connectivity between the right thalamus and the pons, 

the midbrain, the bilateral anterior cingulate cortex, and the left thalamus [69]. In 2019, 

Allen et al. [99] extended their approach by investigating patients who died due to SUDEP 

over an 8-year follow-up. They compared these cases with matched patients at high and 

low SUDEP risk and with a healthy control group. They focused on the whole brain and 

regions involved in autonomic and respiratory regulation. The number of separate 

modules within a network (modularity) was significantly reduced for the whole brain and 

the observed subnetwork in SUDEP patients and high-risk patients. Among thalamic 

structures, the inter-modular belonging was apparent in SUDEP group and high-risk 

group. Furthermore, group differences were also found for the medial prefrontal thalamus 

and patterns of hub topology, especially in the comparison of low-risk group and SUDEP 

group. In a review, existing evidence from structural and resting state functional MRI 

changes in the field of SUDEP were summarized. In general, patients suffering from 

SUDEP and those at high SUDEP risk show resting-state alterations in fMRI as well as 

structural changes in brain areas involved in cardiovascular and breathing control. It 

seems that impaired communication within these network structures is apparent in this 

subgroup of epilepsy patients. However, it has to be pointed out that the sample sizes of 

these studies are small [100]. 
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In addition to investigating the brain in the context of SUDEP, analyzing the brain of 

PWE in general also uncovers alterations. A comparison of mesial temporal lobe epilepsy 

patients and healthy controls based on fMRI showed significant results for connectivity 

analysis within the medial temporal lobes (increase) and within as well as between frontal 

and parietal lobes (decrease) [101]. Similar groups were under investigation in another 

fMRI study. They found widespread alterations in the interaction of large-scale brain 

networks [102]. A systematic review and meta-analysis on brain network organization in 

people with focal epilepsy indicated an increased segregation and a decreased integration 

[103]. Another meta-analysis and systematic review revealed alterations in the default 

mode network across different epilepsy syndromes [104]. A resting-state fMRI study 

showed a more regular network topology and a higher global connectivity in patients with 

idiopathic epilepsy compared to healthy controls. The results appeared to be independent 

of seizure control status. However, the analysis of this influence was limited by drug 

response classification [105]. Since the CAN includes widespread cortical and subcortical 

areas, whole brain alterations might also address regions of the CAN.  

 

Van Diessen et al. (2013) [106] focused on potential modifiers that might impact altered 

network function in epilepsy. The authors noted that the duration of epilepsy and seizure 

frequency are factors, as well as the use of ASDs. At this time, it is unclear whether 

network disturbances in epilepsy patients with brain lesions arise from the lesion or from 

the epilepsy itself. 

 

There are numerous open questions regarding network changes in epilepsy, particularly 

those within the CAN. However, the extensive network changes observed in epilepsy 

highlight the fact that epilepsy is a network disease and demonstrates that the previous 

understanding of an epileptic focus is too simple [14]. When focusing on functional 

network changes, it is important to investigate specific networks such as the CAN, which 

is assumed to play a role in changes in autonomic activity, as well as the whole brain. 

2.3.3 Exercise Tests 

The ANS has been primarily studied in two conditions among PWE: during resting state 

or in the context of seizures. However, examinations during acute exercise could be 

another condition that might uncover alterations [107–110]. In the field of cardiology, 
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exercise tests have been used to examine cardiac disturbances for decades [111,112]. 

Oxygen requirement is increased due to the muscle work during exercise resulting in an 

increased heart rate which stresses the cardiovascular system. Cardiac and cardiovascular 

responses are modulated by the ANS. Central commands activated control circuits for 

locomotor, cardiovascular, and ventilatory functions [113]. During exercise, these 

commands induce an increased sympathetic and a reduced parasympathetic influence on 

the heart and raise the ventilatory rate. It is assumed to be also involved in adjusting the 

baroreflex [114]. Sympathetic and parasympathetic activity during exercise can be 

investigated by the heart rate and the HRV [67,115], whereas sole sympathetic activity 

can be examined by changes in EDA [108]. Central ANS activity can be assessed by 

estimating functional connectivity parameters from EEG recordings before, during, or 

after exercise [116]. Furthermore, exercise tests have the advantage of applying to both 

patients and healthy people [48] which enables group comparisons. To ensure safe testing, 

considering potential exercise-induced seizures, the choice of the right and appropriate 

exercise protocol and exercise machine is crucial. In epilepsy research, exercise tests had 

been conducted on a treadmill [48] or on bicycle ergometers [117,118]. The influence of 

acute exercise on seizure activity can additionally be investigated by an exercise test.  

 

  



Research Aims and Questions 

 

17 

3 Research Aims and Questions 

Physical activity is commonly used for rehabilitative purposes in neurological diseases. 

However, it is not widely accepted as a therapy for epilepsy among physicians and 

patients. PWE often fear exercise-induced seizures and exercise-related injuries. 

Therefore, animal studies are suitable for investigating the influence of physical activity 

on seizures and can serve as a first step in researching epilepsy and exercise. The first 

question this dissertation addresses is: How does physical activity influence seizures in 

animal models? (research paper 1) 

 

However, it is important to investigate whether physical activity has an impact on 

symptoms experienced by PWE, such as seizures, depression, and anxiety. Furthermore, 

it is worth exploring whether the negative perception of physical activity and exercise 

among PWE, which may be caused by discouragement from physicians, affects their 

physical activity levels. Are PWE less physically active compared to healthy people? 

How does physical activity affect seizure frequency and comorbidities? (research paper 

2) 

 

The fear of exercise-induced seizures motivates to the investigation of the influence of 

acute exercise on seizure activity. Therefore, for this dissertation, a cross-sectional cohort 

study was conducted which focused on clinical data in the context of an exhaustive 

bicycle exercise test to make a statement about the feasibility of exercise tests and the 

impact of acute exercise on seizures (research paper 3). Furthermore, this study also 

investigated non-clinical parameters. It aimed to determine if PWE have lower physical 

fitness levels compared to healthy controls (research paper 3). Additionally, the 

difference in central (research paper 4) and peripheral autonomic parameters (research 

papers 3 & 4) between the two groups in the context of exercise from a network 

perspective was investigated.  

 

Since most data on physical activity and epilepsy as well as autonomic functions in 

epilepsy derive from patients with therapy-refractory epilepsy, this study focused on a 

community-based cohort of epilepsy patients in consideration of their seizure status. 
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4 Publications and Results 

Four publications were considered for this dissertation. 

 

Research paper 1 is a narrative review focusing on the impact of physical activity on 

status epilepticus in animal models. Research paper 2 is a systematic review of “Sport 

and Physical Activity in Epilepsy”. This review summarizes the existing literature for 

humans. Research papers 3 and 4 are related to the cross-sectional cohort study. 26 

patients and 26 age, sex, BMI matched healthy controls were recruited for this study. Both 

groups performed an exhaustive bicycle ergometer test and took part in resting state 

measurements before and after the exercise test. Performance on the bicycle ergometer as 

well as fitness were assessed as outcomes during the exercise test. Peripheral and central 

autonomic parameters as well as clinical EEG data were analyzed for resting state 

measurements before and after the exercise. Research paper 3 dealt with exercise 

performance and fitness as well as resting state peripheral autonomic data and clinical 

EEG data. Research paper 4 relates peripheral autonomic parameters to central autonomic 

parameters.  

4.1 Methods 

The protocol of the study and the informed consent was approved by the ethics committee 

of the Westfalian Medical Board. Before the participant's recruitment, the trial was 

registered at the German Clinical Trial Register (DRKS00014822). The study was 

conducted in accordance with the Declarations of Helsinki. An overview of the cross-

sectional cohort study is presented in figure 1. 
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Figure 1 Flow chart of the cross-sectional cohort study 

1 not used in this dissertation 
2 second and third 10 minutes were not considered for this dissertation 

ASD: anti-seizure drug, CAN: central autonomic network, ECG: electrocardiogram, EDA: electrodermal 

activity, EEG: 128-channel electroencephalogram, GSR: galvanic skin response module, HF: high 

frequency, LF: low frequency, PLV: phase-locking value, RPE: rate of perceived exertion, RMSSD: root 

mean square of successive RR interval differences, VIS: visual network, VO2: oxygen uptake, W=watts 

  

 resting state 1 exercise test resting state 2 

 

10 min 
warm-up 2 min 24 W, 

12 W/min until exhaustion, 
cool down 2 min 24 W 

3 x 10 min 2 
with 1 min break 

m
ea

su
re

m
en

ts
 &

 o
u

tc
o

m
es

 

•  1-lead ECG 
- heart rate 

- RMSSD 

- LF power 

- HF power 

- LF/HF ratio 

•  GSR 
- meanEDA 

•  EEG 
- PLV whole 

brain 

- PLV CAN 

- PLV VIS 

•  RPE-Scale 
•  E41 

•  12-lead ECG 
- heart rate 

•  spirometry 
- relative VO2peak 

•  blood pressure cuff 
- systolic blood pressure 

•  RPE-Scale 
•  additional calculations/ 
outcomes 

- chronotropic response 

- double product 

- performance data 

•  E41 

•  1-lead ECG 
- heart rate 

- RMSSD 

- LF power 

- HF power 

- LF/HF ratio 

•  GSR 
- meanEDA 

•  EEG 
- PLV whole 

brain 

- PLV CAN 

- PLV VIS 

•  RPE-Scale 
•  E41 

 

RECRUITMENT, ELIGIBILITY, INCLUSION 

TESTING 

pharmacies, physicians, local hospitals, direct communication 
first contact via phone (eligibility) 

informed consent, further study information, questionnaires were sent to each participant 

n=52 included (n=26 PWE, n=26 matched healthy controls) 

preparation 

•  blood sample (epilepsy group): ASD serum level  
•  12-lead ECG: check for cardiac health 
•  1-lead ECG 
•  EEG 
•  CapTrak: individual electrode positions 

ANALYSIS 

n=50 analyzed 
(n=25 PWE, n=25 matched healthy controls) 

 

n=2 excluded (patient and matching control)  
(patient did not reach subjective exhaustion) 
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4.1.1 Participants 

Participants were recruited via pharmacies, physicians, local hospitals, and direct 

communication. The first contact was via phone, where eligibility for the study was 

checked. In general, epilepsy patients (criterium 1 and 3) and healthy controls (criterium 

2 and 3) were included if they met the following criteria: 1) diagnosed epilepsy – all 

syndromes, or 2) healthy adults without seizure history, and 3) age between 18 and 60 

years. Participants were excluded if they met any of the following criteria: 1) physical 

impairments avoiding conduction of exercise test on a bicycle ergometer, 2) acute 

infections, 3) severe heart diseases (ischemic or structural), and 4) moderate to severe 

hypertension. For some analyses, other exclusion criteria were added due to their 

influence on the primary and secondary outcomes (see research papers 2 and 3). Patients 

and controls were matched by age, sex, and BMI. For each matching, patients were 

recruited and tested first, and healthy controls were recruited subsequently. 

 

In total, 52 subjects participated in the study, 26 in each group. However, one participant 

with epilepsy was tested but excluded afterward from all analyses. This patient suffered 

from a cardiac infarction in 2019 (8 stents implanted) and was still influenced by its 

consequences (medication: Acetylsalicylic acid, Candesatan, Bisoprolol, Rosuvastatin, 

Ezetimibe, Pantoprazole). The patient was not able to achieve subjective exhaustion on 

the bicycle ergometer (rate of perceived exertion scale (RPE) <18) and had to stop the 

testing earlier. As the aim of the study was to achieve complete subjective and objective 

exhaustion, this patient was excluded. Regarding characteristics of seizures and epilepsy, 

this patient suffered from epilepsy for 56 years with myoclonic seizures one to two times 

per week. Anti-seizure medication was Phenydan (250 mg/day, serum level 28.9 mg/l). 

During the resting state measurements before and after exercise, the patient fell asleep. 

Furthermore, the patient experienced a subclinical seizure (70 sec) during sleep but only 

after exercise. The matched control subject was excluded as well.  

 

Nineteen of the remaining 25 epilepsy patients were seizure-free in the last six months. 

On average, the last seizure happened 2979.5±3113.6 days ago. 17 patients suffered from 

generalized seizures (motor and nonmotor), seven patients from focal seizures (awareness 
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impaired and not impaired), and four patients did not know their type of seizure. Three 

patients indicated two types of seizures.  

 

Different epilepsy syndromes and etiologies were reported, however, most of the patients 

do not know the syndrome (n=16) or the etiology (n=20). One patient was not under ASD 

treatment at all, 18 patients were on monotherapy, five patients took two ASDs and one 

patient took three ASDs. ASDs with dosages and serum levels are presented in research 

paper 2. On average, the duration of epilepsy was 16.78±18.1 years. Characterizations of 

seizures and epilepsy are presented in table 1. 
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Table 1 Characterization of seizures and epilepsy (published in research paper 2) 

variables patients (n=25) 
disease duration (yrs.) 16.78±18.1 
age of disease onset (yrs.) 21.68±14.44 
seizure type* (n) 

generalized motor 
generalized nonmotor 
focal awareness impaired  
focal aware 

unknown type 

 
14 
3 
4 
3 
4 

seizure frequency (last 6 months) (n) 
seizure free 
1-2 
1 per month 
1 per week 

more than 1 per day 

 
19 
3 
1 
1 
1 

last seizure of seizure-free patients (n=18
1
) (days) 2979.5±3113.6 

(min: 356; max: 9490) 
syndromal classification 

temporal lobe epilepsy 
idiopathic genetic epilepsies 

juvenile absence epilepsy (2) 
juvenile myoclonic epilepsy (1) 
grand-mal epilepsy (3) 
grand-mal epilepsy on awakening (1) 

unknown 

 
2 
7 
 
 
 
 
16 

etiology 
traumatic brain injury 
genetic 
structural change, not otherwise specified 
radiation-induced 
unknown 

 
1 
2 
1 
1 
20 

number of ASD (n) 
0 
1 
2 
3 

 
1 
18 
5 
1 

all data based on the characterization of seizures and epilepsy questionnaire 

* three patients indicated two types of seizures 
1 missing data for one patient 

disease duration, age of disease onset, last seizure of seizure-free patients: mean±standard deviation 

 

In total, 13 female and 12 male subjects participated in both epilepsy and control group. 

Since the groups were additionally matched by age and BMI, the epilepsy and control 

group were equally old (epilepsy group 38.4±12.1 yrs., control group 37.48±12.11 yrs., 

p=0.78) and had an equal BMI (epilepsy group 26.48±4.68, control group 27.05±4.97, 
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p=0.68). There were no group differences regarding the existence of hypertension, 

diabetes type 1, dyslipidemia, family history of cardiovascular diseases or epilepsy, and 

smoking. The only group difference was observed for alcohol use with a higher 

consumption in the control group. Most of the participants were highly physically active 

(epilepsy group n=18, control group n=16) based on the International Physical Activity 

Questionnaire (IPAQ). Clinical characteristics of epilepsy and control group are 

presented in table 2.  

Table 2 Clinical characteristics of epilepsy and control group (published in research paper 2) 

variables  patients (n=25) controls (n=25) p 
age 38.4±12.1 37.48±12.11 c 0.78 
BMI 26.48±4.68 27.05±4.97 c 0.68 
sex f: 13; m: 12 f: 13; m: 12  

hypertension 3 0 
b 

0.23 

diabetes type 1 1 0 
b 

1.00 

dyslipidemia 1 2 
b 

1.00 

active smoking 3 2 
b 

1.00 

active smoking in the past 4 7 
a 
0.30 

alcohol use 15 23 
a 
0.008** 

family history CVD 11 10 
a 
0.774 

family history epilepsy 3 4 
b 

1.00 
physical activity level 

low 
moderate 
high 

 
1 
6 
18 

 
0 
9 
16 

b 
0.538 

a chi-squared test 
b Fisher‘s exact test 
c student t-test 

* p<0.05 

** p<0.01 

age, body mass index (BMI): mean±standard deviation 

further characteristics: n 

CVD= cardio-vascular disease, f= female, m= male 

4.1.2 Procedure 

Before the testing day, informed consent, further study information, and questionnaires 

were sent to each participant. After they agreed to participate in the study, an appointment 

for one testing day was made. Both groups answered the IPAQ to assess their daily 

physical activity level. Additionally, a questionnaire regarding clinical characteristics and 
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sociodemographic data was filled out. Furthermore, participants in the epilepsy group 

answered a questionnaire regarding the characteristics of seizures and epilepsy. 

On the testing day, participants were greeted and given a one-on-one explanation of any 

open questions and the testing day procedures. For the epilepsy group, a physician took 

blood samples to assess ASD serum levels before the first measurement on the testing 

day. For analysis, samples were sent to an independent laboratory. For both groups, a 

resting state 12-lead ECG (Custo cardio 100 BT, Custo Med) in a supine position was 

recorded to check cardiac health before the exercise test. The ECG was checked by a 

physician. The 12-lead ECG stayed on the participant's upper body and was used for 

exercise testing afterward. After that, participants were prepared for the EEG 

measurement in a seating position. The forehead, and if relevant, the bald head, was 

cleaned with an alcohol pad. Afterward, a cap with 128 electrodes (actiCHamp, Brain 

Products GmbH) was placed on the head according to the 10-10 system. Following Brain 

Products GmbH's recommendation, impedances were kept below 25 kilo-ohm (kΩ) by 

using SUPER VISC high viscosity electrolyte gel (EASYCAP GmbH). The ground 

electrode was FPz and the reference electrode FCz. After preparation, CapTrak (Brain 

Products GmbH) was used to record individual electrode positions. Before the first resting 

state measurement and before the exercise test, three passive electrodes (Brain Products 

GmbH) were placed on the upper body of the participants and used as 1-lead ECG during 

the resting state measurements. The Galvanic Skin Response Modul (GSR, Brain 

Products GmbH), consisting of two electrodes, was placed on the middle phalanges of 

the index and middle finger on the non-dominant hand. Additionally, E4 Sensors 

(Empatica) were placed on both wrists. The data from these sensors were not used for this 

dissertation.  

 

The first resting state measurement was conducted for 10 minutes in supine position in a 

darkened room. Instructions for the measurement were read out, to instruct each 

participant in the same way. 

 

After that, participants were prepared for the exercise test. The EEG cap including 128 

electrodes stayed on the participant's heads, but no recording was done during the exercise 

test. A spirometry mask (V2 MASK, Hans Rudolph, Inc.) was placed on the participant's 
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faces, and the closeness of the mask was checked. Afterward, participants went on the 

bicycle ergometer, and a blood pressure cuff, for manual blood pressure measurements, 

was placed on the left upper arm. First, blood pressure, spirometry parameters (Metalyzer 

3B, Cortex), and ECG were measured in a seating position on the bicycle ergometer 

(Excalibur, Lode) at rest. The exercise test started with a warm-up for two minutes at 24 

watts. Afterward, the load was increased every minute by 12 watts until subjective 

exhaustion, followed by a two-minute cool down at 24 watts. Revolutions per minute 

(rpm) were as follows: 50-60 rpm at 24-60 watts, 60-70 rpm at 60-100 watts, and 70-90 

rpm at >100 watts. Participants were asked for their level of exertion by using the RPE 

scale every two minutes. Blood pressure was measured every two minutes as well. 

Spirometry parameters and ECG were recorded continuously. E4 Sensors, placed on both 

wrists, collected data continuously as well, but data were not used for this dissertation.  

 

After the exercise test, the spirometry mask and blood pressure cuff were taken off. The 

participants were brought to the room where the resting state measurements took place. 

EEG electrodes were checked for good contact and fixed if they were noisy. GSR, E4 

Sensors, and 1-lead ECG were used again. Ten minutes after the end of the cool-down 

period, the second resting state measurement in supine position in a darkened room 

started. Instructions for the measurement were read out, to instruct each participant in the 

same way. The measurement was conducted as follows: ten minutes recording, one 

minute break, ten minutes recording, one minute break, ten minutes recording. During the 

one-minute breaks, the investigator (FvdB) entered the room to engage with the 

participants and ensure they stayed awake. After the second resting state measurement, a 

second recording of the individual electrode positions via CapTrak was done.  

 

During exercise, performance parameters like relative oxygen consumption (VO2) peak, 

maximum heart rate and others were analyzed. For autonomic parameters in resting state, 

RMSSD, HF power, LF power, LF/HF ratio, and meanEDA were analyzed. To assess 

functional network activity in source space, phase-locking value (PLV) was analyzed for 

the whole brain, the CAN, and the VIS (reference network). The general preprocessing 

and analysis of EEG, ECGs, GSR, and spirometry are described in research papers 3 and 

4.  
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4.2 Results 

4.2.1 Research Paper 1 

van den Bongard F, Gowik JK, Reinsberger C. Auswirkungen körperlicher Aktivität auf 

Status Epilepticus im Tiermodell. Clinical Epileptology 2023; 1-5. DOI 10.1007/s10309-

023-00574-4 

 

PWE are often discouraged from engaging in physical activity due to concerns about 

exercise-induced seizures and the assumed potential negative influence on epilepsy. 

However, most data on the impact of physical activity on seizures is derived from animal 

studies.  

Based on literature research in PubMed and Web of Science, 33 out of 3489 studies were 

included in this narrative review. Animal models in a controlled design on rats and mice 

and all status epilepticus models were considered. In animal models, epilepsy is mostly 

induced by chemical convulsant agents that provoke a status epilepticus. This is defined 

as “a condition resulting either from the failure of the mechanisms responsible for seizure 

termination or from the initiation of mechanisms which lead to abnormally prolonged 

seizures (after time point t1).” [119]  

 

Different convulsant agents (e.g., pilocarpine, pentylenetetrazole, penicillin) or 

stimulation were used in the included studies. The timepoint of their use differed between 

the studies (before vs. after the intervention). 28 studies examined male rats, 2 studies 

female rats, and three studies male mice. Swim training, forced and voluntary treadmill 

training, and strength training with different exercise modalities (duration, frequency, 

intensity) were conducted. Overall, numerous different outcomes, like seizure frequency, 

latency or intensity of seizures, and epileptiform activity, were reported. 

 

After 20 interventions, outcomes like seizure frequency or epileptiform activity were 

positively influenced. The results for nine interventions were heterogeneous. While some 

outcomes were influenced positively, for others no effect was observed. Six interventions 

induced no effect, for instance on seizure frequency, latency to seizure, or epileptiform 

activity at all. After one voluntary endurance intervention, a negative effect on the 
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intensity of motoric symptoms was observed, however, a positive effect on latency to the 

first seizure was shown as well.  

The study results might be influenced by the different exercise modalities as well as by 

the different chemical convulsant agents for status epilepticus induction. Since the studies 

are heterogeneous regarding these parameters, a conclusion about a dose-response 

relationship is not possible. Furthermore, the physiological mechanisms of a status 

epilepticus induction and therefore developed epilepsy are different compared to the 

pathophysiology of epilepsy in humans. Consequently, the transferability to humans is 

restricted.  

 

Nevertheless, the results of this narrative review indicate a trend of a positive influence 

of physical activity on seizure-associated outcomes and show at least, except after one 

intervention, no negative influence. Therefore, these positive results from animal studies 

should motivate to the development and conduction of valid studies on the impact of 

physical activity on seizures in humans. 

 

Author contributions: 

Franziska van den Bongard, Julia Kristin Gowik and Claus Reinsberger wrote the 

manuscript. All Authors commented on all versions. All authors agreed to the final 

version. 
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4.2.2 Research Paper 2 

van den Bongard F, Hamer HM, Sassen R, Reinsberger C: Sport and physical activity 

in epilepsy—a systematic review. Dtsch Arztebl Int 2020; 117: 1–6. DOI: 

10.3238/arztebl.2020.0001 

 

PWE fear the negative influence of physical activity on epilepsy course, exercise-induced 

seizures, and injuries. These are reasons why it has long been recommended to not be 

physically active. It has to be elucidated whether epilepsy patients are less physically 

active and, if so, whether this inactivity might lead to disadvantages in this population. 

Furthermore, there is no systematic review on the impact of physical activity on epilepsy 

(until the year 2020).  

The systematic review aimed to elucidate the following three questions.  

1) Are patients with epilepsy less physically active and less fit compared to healthy 

controls? 

2) Does physical activity impact comorbidities in epilepsy? 

3) Does physical activity impact seizure frequency? 

After conducting literature research on PubMed and Web of Science and removing 

duplicates, 14,269 studies were screened and 42 studies (figure 2) were included to 

investigate the three questions. Selection criteria were human studies, longitudinal 

studies, cross-sectional studies, case studies, patients with diagnosed epilepsy, and 

endpoints of physical activity. Methodological quality assessment was done by Risk-of-

Bias tool for intervention studies and for observational studies based on the publication 

of Hammer et al. (2009) [120]. Additionally, evidence levels were assessed for all 

included studies. Study selection and evaluation were done by two independent reviewers 

(FvdB, CR).  
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Figure 2 PRISMA flow diagram 

 

The 42 included studies can be divided into seven categories: case studies, intervention 

studies, epidemiological studies, survey-based studies, interview-based studies, 

combined cross-sectional studies (survey and exercise tests), and studies on acute 

physical exercise. 

 

Based on 15 studies, dealing with physical activity and fitness levels in patients with 

epilepsy, most studies indicate a lower physical activity level (n=6) and a lower fitness 

(n=5) compared to healthy controls. However, three studies showed no group differences 

regarding physical activity levels. One epidemiological study investigated the impact of 

the fitness level at the age of 18 and the later risk for developing epilepsy (up to 40 years 

follow-up). This study found an association between physical fitness levels in youth and 

the prevention of epilepsy later in life. 

 

The influence of physical activity on comorbidities like depression or anxiety was 

investigated by 17 studies with different study designs (observational, interview, acute 

exercise test). Overall, being physically active, evaluated by questionnaires and 

interviews, seems to have a positive impact on comorbidities (n=10). Also, physical 
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activity interventions induced improvements in depression and anxiety (n=6). Only one 

study showed no association.  

 

The results on the impact of physical activity on seizure frequency are heterogeneous. 

Only focusing on studies conducting an acute exercise test, in two studies, no seizures 

were observed. In three studies, epileptic discharges were reduced during exercise but 

increased again after exercise. Focusing on intervention studies, two observed a 

significant seizure reduction and four showed a heterogeneous picture within the 

investigated cohort. For some patients, seizure frequency remained unchanged, for some 

frequency increased and for others, it decreased. No change in seizure frequency was 

observed in another intervention study. Besides studies conducting an intervention or an 

acute exercise test, three used questionnaires to assess the influence of physical activity 

on seizure frequency indicating heterogeneous results as well. Seizures were associated 

with physical activity in some patients, but not in others. Four case reports only focused 

on patients with exercise-induced seizures. 

 

Methodological quality was rather low for all included studies. They were limited by lack 

of information, lack of randomization, lack of control groups, lack of blinding, lack of 

considering influencing factors, and restricted recruitment strategies. Only five studies 

were assignable to evidence levels “1-“ and “2+”, indicating a higher quality. All other 

studies were assigned to evidence levels “2-“ and “3”, indicating a lower quality. 

 

The limitations of the study are attributed to the characteristics of the patient cohort, 

including the epilepsy syndrome, seizure type, disease duration, and medication usage. 

Additionally, study comparability is restricted by the design of the applied interventions: 

training intensities, durations, and frequencies. 

 

Nevertheless, it was shown that physical activity seems to have a positive influence on 

comorbidities like depression and anxiety in PWE. Furthermore, intervention studies 

indicate that exercise has no negative effect on seizure frequency in most cases. Of note, 

there are cases where physical activity serves as a seizure trigger, however, for most 

patients exercising seems not to increase the risk for seizures. It is not yet clear which 



Publications and Results 

 

31 

type and dose of physical activity could have the potential to influence epilepsy 

positively. The small study number as well as heterogeneity in study designs and cohorts 

(characteristics of seizures and epilepsy) restricts conclusions as well as the study quality. 

 

Based on the results of the systematic review, there is no reason for a general ban on 

physical activity and exercise in epilepsy. Due to the hint that PWE might be less 

physically active compared to healthy controls, a first step to participate in physical 

activities might be a rehabilitation sports group specific to PWE. To ensure safety for 

each patient, an individual risk estimation can help to find the right type of exercise.  

 

Author contributions: 

Franziska van den Bongard and Claus Reinsberger designed the protocol for the 

systematic review. Franziska van den Bongard did the systematic literature research and 

the quality assessment. She and Claus Reinsberger wrote the manuscript. Hajo M. Hamer 

and Robert Sassen commented on all versions. All authors agreed to the final version. 
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4.2.3 Research Paper 3 

van den Bongard F, Coenen J, Reinsberger C. Fitness, performance and cardiac 

autonomic responses to exercise in people with epilepsy. Epilepsy & Behavior 2022; 135: 

108869. DOI 10.1016/j.yebeh.2022.108869 

 

PWE seem to be less fit [121] and seem to have a different cardiovascular response to 

exercise which could increase the risk of sudden cardiac death [48]. The ANS regulates 

relevant parameters such as heart rate and chronotropic response. It is assumed that the 

ANS can become imbalanced in PWE [82,83,87]. However, these results are mostly 

derived from patients who are refractory to medical therapy. Since cardiac and other 

organs response to physical activity are modulated by the ANS, exercise testing can serve 

as a possibility to investigate autonomic function in PWE. 

 

25 PWE (19 patients were seizure-free for at least the last six months) and 25 age, sex, 

and BMI matched healthy controls participated in the study. All participants reached 

subjective and objective physical exhaustion in the exhaustive bicycle ergometer test. No 

adverse events were observed before, during, or after the exercise test. 

 

Relative VO2peak (p=0.438, r=0.112) and physical activity levels (p=0.538), based on 

IPAQ, did not differ between the groups. However, maximum heart rate (p=0.028, 

r=0.310) and chronotropic index (Tanaka p=0.017, r=0.336; Karvonen p=0.039, r=0.292) 

were significantly lower in the epilepsy group. RMSSD significantly decreased (epilepsy 

group p=0.001, r=0.793; control group p=0.001, r=0.869) and meanEDA significantly 

increased (epilepsy group p=0.001, r=0.869; control group p=0.001, r=0.766) from pre- 

to post-exercise in both groups but no group differences were detected. For autonomic 

parameters, the epilepsy group and the control group only differ in LF/HF ratio post-

exercise (p=0.045, r=0.284). The ratio significantly increased in both groups from pre- to 

post-exercise (epilepsy group p=0.014, r=0.492; control group p=0.001, r=0.804) but 

stronger in the control group. Based on multiple linear regression analysis, neither seizure 

frequency nor generalized motor seizures were predictors for relative VO2peak, 

maximum Watt/kg, maximum metabolic equivalent of task, or exercise duration. Due to 

the larger group of patients on lamotrigine medication (n=13), correlation analysis with 
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respect to autonomic, fitness, and performance data revealed no association with dosage 

or serum level, however, a negative correlation between meanEDA and lamotrigine 

serum level post-exercise was observed but without reaching significance (p=0.086, r=-

0.495). Nevertheless, ASD might influence the results.  

 

Moreover, 23 patients showed no clinical changes in EEG from pre- to post-exercise. 

Interictal epileptiform discharges were observed in four patients pre-exercise and in six 

patients post-exercise, indicating a change in two patients. For both, no abnormalities 

were observed before exercise and none of these patients experienced exercise-induced 

seizures. One patient (juvenile myoclonic epilepsy) showed bursts of 3-4/sec generalized 

spike-and-waves during wakefulness and the other patient (undetermined idiopathic 

genetic epilepsy) had a single burst of generalized spikes during sleep. 

 

Clinical EEG results indicate that exercise tests are feasible and safe for mostly seizure-

free patients. Therefore, exercise tests can be used to investigate autonomic function in 

epilepsy. It seems that cardio-autonomic responses are different between PWE and 

healthy controls.  

 

Author contributions: 

Franziska van den Bongard and Claus Reinsberger were involved in the design of the 

study. Franziska van den Bongard and Jessica Coenen did the data collection. Franziska 

van den Bongard and Claus Reinsberger wrote the manuscript. Jessica Coenen 

commented on all versions. All authors agreed to the final version. 
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4.2.4 Research Paper 4 

van den Bongard F, Gowik JK, Coenen J, Jakobsmeyer R, Reinsberger C. Exercise-

induced central and peripheral sympathetic activity in a community-based group of 

epilepsy patients differ from healthy controls. Experimental Brain Research 2024. DOI 

10.1007/s00221-024-06792-0 

 

In epilepsy, ANS activity, mainly driven by the CAN [113], is shifted to a sympathetic 

dominance [82,122,123]. Exercise tests have been successfully used to examine and 

diagnose pathological changes within the cardiovascular system [19,111] and can be used 

to investigate ANS network activity in PWE as well. It was hypothesized that, after 

exhaustive exercise, the interrelation of CAN functional connectivity and peripheral ANS 

parameters might be altered in PWE. 

 

PWE and healthy controls performed an exhaustive exercise test. Peripheral ANS activity 

(RMSSD, meanEDA) was measured and EEG was recorded in a resting state before and 

after the exercise test. Participants were included if they met the following criteria 

(epilepsy group criterium 1 and 3; control group criterium 2 and 3): 1) diagnosed epilepsy 

– all syndromes, or 2) healthy adults without seizure history, and 3) age between 18 and 

60 years. Participants were excluded if they met at least one of the criteria: 1) physical 

impairments avoiding conduction of exercise test on a bicycle ergometer, 2) acute 

infections, 3) severe heart diseases (ischemic or structural), 4) moderate to severe 

hypertension, and 5) brain lesion. 

 

21 PWE (16 seizure-free for at least the last six months, duration of epilepsy 18.83±19.06 

yrs., age of onset 20.19±14.08 yrs., number of ASDs: 1 ASD=14, 2 ASDs=5, 3 ASDs=1, 

no ASD=1) and 21 age, sex, and BMI matched healthy controls participated in the study. 

Twelve female and nine male subjects were included in both groups (epilepsy group 

39±11.6 yrs., BMI 26.7±4.2; control group 38.04±11.5 yrs., BMI 27.1±5.2). Concerning 

clinical characteristics, the control group showed a higher alcohol consumption compared 

to the epilepsy group (p=0.01). 
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RMSSD significantly decreased (epilepsy group 55.44±53.84 vs. 13.54±15.86, p<0.001; 

control group 42.48±30.22 vs. 8.79±6.56, p<0.001) and meanEDA significantly increased 

(epilepsy group 1.36±0.85 vs. 2.99±1.35, p<0.001; control group 1.68±1.10 vs. 

2.65±1.68, p<0.001) from pre- to post-exercise in both groups but without showing group 

differences.  

 

After exercise, whole-brain functional connectivity (alpha frequency band) increased 

significantly in the control group (0.28±0.04 vs 0.30±0.05, p=0.006). CAN functional 

connectivity and VIS functional connectivity (alpha frequency band) did not change 

significantly from pre- to post-exercise in both groups. Only before post hoc Bonferroni 

correction, CAN functional connectivity increased significantly in the control group after 

exercise (0.31±0.05 vs. 0.33±0.05, p=0.03). Before post hoc Bonferroni correction, CAN 

functional connectivity and meanEDA correlated significantly in the control group after 

exercise (r=0.543, p=0.01). Significant different correlation coefficients of CAN 

functional connectivity and meanEDA were found between the groups (p=0.004) (figure 

3). 

 

Figure 3 Correlation CAN functional connectivity and meanEDA 

PLV= phase locking value, CAN= central autonomic network, EDA= electrodermal activity, * p<0.05 

 

Since a considerably larger group of patients were on lamotrigine medication (n=12), the 

influence on CAN functional connectivity and meanEDA was tested, showing no 

significant influence on the results. No influence of VO2peak was found on CAN 

functional connectivity and RMSSD or meanEDA correlations. 
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A different sympathetic reactivity in the epilepsy group after exercise might be shown by 

the different correlation between central autonomic and peripheral sympathetic activity. 

However, the influence of modulators such as seizures or anti-seizure medication has to 

be considered and needs further exploration. Moreover, it has to be elucidated how the 

ANS responds to chronic exercise which may guide future therapeutic interventions. 

 

Author contributions: 

Franziska van den Bongard, Julia Kristin Gowik, and Claus Reinsberger were involved 

in the design of the study. Franziska van den Bongard, Julia Kristin Gowik and Jessica 

Coenen did the data collection. Julia Kristin Gowik supported EEG analysis and statistical 

analysis. Franziska van den Bongard and Claus Reinsberger wrote the manuscript. Julia 

Kristin Gowik and Rasmus Jakobsmeyer supported in the writing process. All authors 

commented on all versions. All authors agreed to the final version. 
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5 Discussion 

This dissertation investigated the risks and benefits of physical activity on epilepsy and 

its impact on autonomic control. An exhaustive exercise test was conducted to investigate 

the influence of acute exercise on seizure activity in a community-based cohort of PWE. 

To compare physical fitness levels and peripheral as well as central autonomic activity 

before and after exercise, a healthy, matched control group was also examined. 

 

The first part of the discussion deals with the current scientific literature on physical 

activity and epilepsy focusing on the challenges and benefits in that field. Barriers to 

physical activity participation in epilepsy are discussed as well as the heterogeneity of 

epilepsy and seizure characteristics and the challenges it poses. Furthermore, the 

methodological quality of studies in that field is taken into consideration. 

The second part focuses on discussing the results of the cross-sectional cohort study on 

seizure activity, fitness, cardio autonomic functions, and functional network activity in 

PWE including consequences for further studies. 

5.1 Challenges in Research and Benefits of Physical Activity in Epilepsy 

The recommendation for PWE to not be physically active might be one influencing factor 

contributing to the limited number of human studies in this field. However, animal studies 

provide a basis for investigating the relationship between exercise and epilepsy in 

humans. Research paper 1, summarizing results from animal models, indicated, except 

for one outcome after one intervention, there is no negative influence of physical activity 

interventions (endurance, swimming, strength) on seizure-associated outcomes, such as 

seizure frequency and epileptiform activity in EEG. Although, the transferability to 

humans is limited since the etiology of epilepsy differs, due to convulsant agents inducing 

epilepsy in animal models. Although, some studies did investigate the influence of 

physical activity and exercise in humans. Those studies are summarized in the systematic 

review, research paper 2. It indicates that PWE participated less in physical activities and 

are often less fit compared to healthy controls. Although, some studies showed no 

difference in physical activity [124,125] and fitness levels , the majority of PWE seems 

to have a different activity behavior compared to the general healthy population.  
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The reasons for reduced exercise participation are various. They can be differentiated 

between epilepsy-specific reasons and general reasons. It was shown that PWE often fear 

injuries when participating in physical activities as well as exercise-induced seizures 

[126,127]. Seizure-related fears include previous seizures during exercise and knowing 

someone experiencing seizures during exercise [127]. These fears could be promoted by 

the behavior of physicians who often discourage PWE from participating in physical 

activities [128], which is also named as one barrier [127]. In addition to barriers related 

to seizures, patients also report a lack of social support from family and friends [126,127]. 

This emphasizes the importance of the social environment. In contrast to that, a proportion 

of patients do not disclose their social environment [129]. This can include employers but 

also family and friends. Such a behavior can exacerbate the problem of a lack of social 

support. The general reasons for non-participation in physical activities are similar to the 

general population [127]. Reasons are tiredness after those activities, lack of time, no one 

to exercise with, unsure how to begin and proceed, health problems resulting from 

exercising, afraid of looking stupid or unattractive, and skeletal or cardiovascular system 

problems [127]. There are different strategies to overcome these problems. One is to 

communicate with physicians and patients about the benefits and risks of exercising and 

to provide helpful strategies to find the right and safe type of physical activity for each 

patient (see chapter 2.1.3). Another one is to implement specific epilepsy sports groups, 

which could help to begin physical activities and proceed in a safe setting. 

 

Furthermore, the systematic review indicates that, based on surveys, a higher physical 

activity level in general leads to reduced depression and anxiety and that physical activity 

interventions can reduce those comorbidities as well. These results support the 

assumption that PWE should engage more in physical activities. Especially, because it is 

known that depression and anxiety are prevalent in PWE [39,40] and that they often have 

a reduced quality of life [130]. Furthermore, as previously described, exercise does not 

appear to have a negative impact on seizure frequency in many cases. However, the 

results are heterogeneous, since also cases of exercise-induced seizures are reported 

[121]. The heterogeneity of results in studies regarding physical activity and epilepsy 

might be reasoned by different factors. One major challenge in epilepsy research is the 
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heterogeneity of the disease etiology and the different epilepsy syndromes [131]. 

Furthermore, patients have different types of seizures [36], different seizure frequencies, 

and are treated with different ASDs [132]. All these factors complicated the 

generalizability of the results for epilepsy patients. Furthermore, most study cohorts are 

recruited within one clinic. This increased the probability of recruiting a sufficient number 

of patients, that can be included in a study, suffering from the same epilepsy syndrome 

[133]. Investigating a cohort of only one epilepsy syndrome can serve as a starting point 

to reduce heterogeneity within a study cohort. The recruitment in one clinic does not mean 

that only patients suffering from the same syndrome are selected per se. Some studies 

included different syndromes, while in others, the syndromes that patients were suffering 

from were unknown due to insufficient reporting [134,135]. Nevertheless, recruitment 

within one clinic is an appropriate way to get enough patients for a study. Especially in 

the context of exercise, patients are not easily motivated to participate in research 

regarding physical activity since most of the patients are assumed to be less physically 

active [121]. If contacts to specialized epilepsy clinics are limited or these clinics are too 

far away from the place where the study is conducted (restricted mobility of PWE due to 

driving ban), accessibility of patients might be impeded. All these factors can lead to 

small sample sizes. Moreover, the generalizability of the results in the context of exercise 

is also complicated by restricted comparability of intervention programs due to different 

contents, training intensities, durations, and frequencies. 

 

Study results in the field of physical activity and epilepsy are also limited by 

methodological aspects with a high risk of bias, as shown in research paper 2. The 

evidence levels of studies on physical activity participation in PWE and on personal 

experiences with seizures during exercise are at 2- and 3 and therefore, at a lower level 

(case reports, cohort studies with a high risk of confounding or bias). Studies conducting 

an intervention or an acute exercise test are of lower quality as well (evidence level 2-). 

Although five studies in that field can be assigned to evidence level 2+ and 1- 

(intervention, one-time exercise test, epidemiological study), all studies have the same 

methodological limitations: lack of information, randomization, control groups, blinding, 

consideration of influencing factors and restrictions in recruitment strategies. Due to the 

limitations of the studies, including heterogeneity within the cohorts and the interventions 
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and tests, no meta-analysis for none of the outcomes (seizure frequency, depression, 

anxiety, quality of life) could be performed.  

 

Future studies should consider epilepsy-specific influencing factors, such as epilepsy 

syndrome, seizure type, seizure frequency, and medication. Of note, due to the high 

variety, these factors cannot be ruled out completely. However, as a first step, they can at 

least be documented and reported, which is not always done by previous studies. 

Additionally, standardized exercise programs for different cohorts, concerning the 

epilepsy-specific influencing factors, should be designed to investigate the influence of 

physical activity on seizure frequency, depression, and anxiety. Moreover, as a scientific 

basis, methodological standards in research must be considered.  

5.2 Application of Acute Exercise to Patients with Epilepsy – a Cross-sectional 

Cohort Study 

Research papers 1 and 2 showed the potential benefits of chronic exercise on seizure 

activity, however, the fear of exercise-induced seizures is still a present problem. Some 

studies have investigated the effect of acute exercise on seizures in PWE. These studies 

were also included in research paper 2. Two previous studies on adult epilepsy patients 

showed a reduction in epileptiform discharges after exercise compared to before exercise 

[117,118]. The seizure status of the examined patients differed between these two studies. 

For one study (n=12), eleven patients had controlled and one patient had weekly seizures 

[117]. For the other study, the included 19 epilepsy patients were heterogeneous regarding 

seizure frequency (monthly n=4, weekly n=2, daily n=1, bimonthly n=1, four-month 

period n=1, controlled n=10) [118]. In the cross-sectional cohort study, conducted for this 

dissertation, an acute exhaustive exercise test on a bicycle ergometer was performed with 

PWE to investigate the influence of acute exercise on seizure activity in EEG. In this 

study, seizure frequency was heterogeneous as well. However, 19 of 25 patients were 

seizure-free. In total, four patients showed interictal epileptiform discharges pre-exercise 

and six patients post-exercise, indicating a change in two patients. The seizure frequency 

of these two patients was one to two seizures in the last six months and one seizure per 

month. As the observation period of the clinical EEG differed between resting state 

measurements pre- and post-exercise (ten min vs. 32 min), results could be influenced. 
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Additionally, for one patient interictal epileptiform discharges appeared during sleep 

which was not recorded before exercise. Since no patient suffered from a seizure before, 

during, or after exercise, except the excluded patient described in chapter 4.1.1, a clinical 

significance of the interictal epileptiform discharges might not be assumed. Therefore, 

our study might indicate the safety and feasibility of exercise testing and acute exercise 

in an epilepsy cohort consisting of rather well-controlled epilepsy patients. However, the 

clinical value of the combination of EEG and a standardized exercise test as a potential 

seizure-inducing stimulus must be assessed by larger clinical trials. 

 

Results of an acute exercise test, conducted by Fialho et al. (2017), revealed a 

chronotropic incompetence in people with temporal lobe epilepsy [48]. As cardiovascular 

alterations are known to be prevalent in epilepsy, it seems that these alterations can be 

made visible by acute exercise testing. In the cross-sectional cohort study, in the epilepsy 

group, a lower chronotropic response and a lower maximum heart rate were observed. 

Since Fialho et al. (2017) did not assess physical fitness levels, the influence on 

chronotropic incompetence remained questionable. In our study, PWE and the healthy 

matched control group were similar fit, based on VO2peak, and similar active, based on 

IPAQ. However, the relationship between physical fitness and chronotropic 

incompetence remains unclear in epilepsy. In contrast, a meta-analysis investigated the 

effects of chronotropic incompetence in people with heart failure on exercise capacity. A 

reduced VO2peak was linked to chronotropic incompetence per se [136]. However, the 

transferability to epilepsy might be impaired due to the unclear pathophysiological 

mechanisms of chronotropic incompetence. 

 

It is assumed that this different chronotropic response in PWE might be driven by changes 

in the ANS. This is also supposed by Fialho et al. (2017) [48], however, no autonomic 

activity was measured in that study. In a comparison of people showing chronotropic 

incompetence and people who do not, it was assumed that sympathetic response to 

exercise (bicycle ergometer test) was not well translated into heart rate increase [137]. 

These results occurred despite both groups having no structural heart disease. The 

inadequate translation of sympathetic activity increase into a heart rate increase could 

also be one explanation for epilepsy. To assess autonomic activity before and after 
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exercise, RMSSD and meanEDA were analyzed in the cross-sectional cohort study. 

Results showed a normal parasympathetic and sympathetic response to exercise with an 

increased sympathetic and decreased parasympathetic activity post-exercise in both 

groups. No group differences in peripheral autonomic measures were observed, except 

for LF/HF ratio after exercise. The sample of PWE examined for this dissertation was 

mainly well-controlled regarding seizure frequency. However, most data on changes of 

autonomic activity in epilepsy derives from therapy refractory patients which can be one 

reason for the missing group differences. Nevertheless, Ansakorpi et al. (2000) [138] 

compared chronic refractory temporal lobe epilepsy patients, well-controlled temporal 

lobe epilepsy patients, and age- and sex-matched healthy controls regarding heart rate 

response during deep breathing, Vasalva maneuver, and tilting. Dysfunctions in 

cardiovascular autonomic regulation were more prevalent in therapy refractory patients 

compared to healthy controls. However, heart rate response was also significantly 

different between well-controlled patients and healthy controls but only during tilting. 

Ansakorpi et al (2000) [138] used different stimuli to provoke cardiovascular autonomic 

responses, and no exercise test was carried out. However, it might be suggested that even 

in well-controlled epilepsy patients, changes in autonomic activity could be observed. It 

might be supposed that seizure status could influence the extent of these changes, but data 

on well-controlled PWE are missing to support this hypothesis. Although there are hints 

of a change in autonomic activity in the investigated community-based cohort, due to the 

group differences in LF/HF ratio after exercise, this observation might be influenced by 

high standard deviations, differences in chronotropic index, and a lower maximum heart 

rate together with a similar fitness and activity level. Furthermore, since no sole 

sympathetic driven HRV marker exists [75], the LF/HF ratio is only an approximation to 

a vagal-sympathetic effect.  

 

As it is known that the ANS is controlled by the CAN, it might be assumed that changes 

in autonomic activity in epilepsy could have its origin in the brain [13]. Although no 

group differences in peripheral autonomic activity and central autonomic activity were 

found, group differences in the interrelation of central and peripheral sympathetic activity 

could be observed. However, there is a lack of previous data supporting this observation 

and serving explanations. Of note, it is unclear whether the observed differences are 
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driven by epileptogenesis or by ASDs [58,139]. Nevertheless, as central and peripheral 

changes in autonomic activity are assumed in epilepsy [13], these results might contribute 

to its investigation. 

 

At this time, there is not much literature on the pathophysiological changes in autonomic 

activity in epilepsy. As described in the chapter “current scientific literature”, structural 

and functional network changes in the brain might be a reason. Therefore, the mechanisms 

underlying central brain alterations are of interest. The role of epileptic seizures is still 

unclear. It is not known whether seizures might cause (interictal) network alterations or 

whether the alterations cause seizures [103]. In patients with intractable focal epilepsy, 

spatial widespread aberrant networks might be associated with an increased number of 

altered brain regions because the results were related to epilepsy duration and seizure 

severity [140]. This is also supported by epilepsy-specific modifiers for network 

alterations: disease duration, seizure frequency, and ASDs [106]. However, the 

underlying mechanisms of (interictal) network alterations in epilepsy are still unclear 

[141].  

 

The ANS responds to exercise [114]. As shown in the cross-sectional study, this happens 

in the context of acute exercise. Additionally, the ANS has been shown to adapt to chronic 

exercise. Based on HRV analysis, it was shown that healthy master athletes show a 

different cardiac autonomic activity compared to a sedentary control group [142]. 

Moreover, adaptations of the ANS to chronic exercise were also investigated in the 

context of disease. In a review, the positive impact of exercise training on sympathovagal 

balance and markers of sympathetic flow were presented. This influence might affect the 

prognosis of cardiovascular disease positively [143]. Also in aging, ANS changes are 

prevalent. It is indicated that exercise might be used as a non-pharmacological treatment 

to impact age-related ANS changes. Therefore, the incidence of cardiovascular disease 

morbidity and mortality might be decreased [144]. Chronic exercise seems to impact ANS 

function and could serve as an option to influence autonomic changes in epilepsy as well. 

This is of special interest as autonomic dysfunction increases the risk for SUDEP. This 

dissertation provides important findings, with transfer to SUDEP research. Autonomic 

changes, which seem to play an important role in SUDEP, are often described for cohorts 
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with uncontrolled seizures. It was shown that those changes can also be observed to some 

extent in a cohort of mainly well-controlled PWE. To approach the SUDEP problem, risk 

factors have to be addressed. It was indicated that physical activity seems to have the 

potential to impact seizure frequency positively or, in a lot of cases, not negatively. As 

physical activity is known to increase physical health in general, it should be implemented 

in epilepsy treatment. Moreover, physical activity also influences autonomic functions. 

Exercise tests can be used to demarcate ANS alterations in PWE. Furthermore, they can 

be used to investigate how chronic exercise might influence autonomic activity. The 

results of this dissertation highlight the importance of investigating how chronic exercise 

may also affect the risk for SUDEP. This has the potential to inform future treatment 

strategies for all PWE, not only those with an obvious high risk for SUDEP. 

 

The cross-sectional cohort study followed a multimodal approach by combining an 

exercise test, fitness measures, and measurements of peripheral and central autonomic 

activity before and after exercise. By this approach it was possible to relate the 

observations, however, no determination of causality could be made. Nevertheless, this 

approach is a strength of this study as well as the documentation of epilepsy and seizure 

characteristics. Unfortunately, the different characteristics cannot directly be considered 

in the analysis since subgroup sizes were too small, but they can be described and their 

influence on the results can be discussed. Furthermore, due to the lab setting, standardized 

measurement conditions (exercise and resting state) could be investigated and gold 

standard measurements could be included. 

 

EDA, a measure of sympathetic activity, was recorded by the GSR Module (Brain 

Products GmbH). This module uses the exosomatic recording principle with direct current 

(constant voltage of 0.5V). This type of recording is a standard method of EDA recordings 

[77]. With a sampling rate of 1000 Hz and the analysis at 250 Hz, it was possible to collect 

accurate data sets [78]. In contrast to that module, EDA recording devices like the E4 

Sensor (Empatica) can be used as well. The sampling frequency of this device of four Hz 

is much smaller compared to the GSR Module which leads to less information on the 

EDA signal. Devices have the advantage of an easy application, especially for in-field 
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research. However, since the cross-sectional cohort study was conducted in a lab setting, 

the use of the GSR Module with a higher sampling rate was favored. 

 

Due to the lab setting, the ECG, as the gold standard to record data for HRV analysis, 

could be used [145]. In the analysis, it was mainly focused on the time-domain parameter 

RMSSD. The Task Force of the European Society of Cardiology and the North American 

Society of Pacing and Electrophysiology recommended a window length of five minutes 

for time-domain measure analysis [146]. For EDA recordings, no recommendation about 

the window length exists. Therefore, the same length as for HRV analysis was chosen 

since both branches of the ANS should be analyzed at the same time. 

 

Functional connectivity is an indicator of the communication between brain areas. As 

described in the chapter “current state of research”, there are different neuroimaging 

methods to measure functional connectivity, such as fMRI and EEG. In the study 

considered for this dissertation, 128-channel EEG recordings were combined with an 

MRI-template which was warped by the individual electrode positions of each subject. A 

head model was calculated on which connectivity analysis was conducted. By this 

approach, described in research paper 4, it was possible to approximate the source of the 

signal recorded by the 128-channel EEG. Rizkallah et al. (2020) [147] compared 

functional connectivity methods in resting state networks based on Magneto/electro-

encephalography (M/EEG) source-space and fMRI based on correlation analysis. They 

used a 256-channel EEG with a sampling rate of 1000 Hz and a bandpass filter at 0.1-45 

Hz. In contrast to that, we used a 128-channel EEG and a filter of 1-30 Hz. They used 

three non-overlapping 40-second segments whereas we used four 8.192-second segments. 

Rizkallah et al. (2020) did the connectivity analysis in Brainstorm with the Colin 27 MRI 

template that was co-registered with EEG channel locations as well. Furthermore, they 

focused on the 68 ROI of the Desikan-Killiany atlas and reconstructed the regional time 

series with the weighted Minimum Norm Estimate. Amongst others, the chosen 

connectivity measure was the PLV. Although they used slightly different analyzing steps, 

the same outcome parameter was used. They focused on delta (0.5-4 Hz), theta (4-8 Hz), 

alpha (8-13 Hz), beta (13-30 Hz) and gamma (30-45 Hz) frequency bands. Data sets of 

30 M/EEGs were compared to 487 fMRI data sets. In general, results revealed that 
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functional connectivity methods have still to be explored. However, a significant 

correlation between fMRI matrices and functional connectivity PLV matrices was found. 

However, results suggest that functional connectivity estimation methods, like our 

approach, are only an approximation and have to be interpreted with caution. 

 

For connectivity analysis in EEG, different connectivity measures can be used. For a long 

time, linear correlations have been used for investigating brain connectivity, for example, 

correlation or coherence. However, those methods do not consider the intrinsic 

nonlinearity of neuronal activity [148]. Nonlinear connectivity measures have been 

developed that overcome this and can differentiate between direct and indirect 

relationships. A nonlinear measure is the PLV. Of note, this measure does not give 

insights into the directionality of interactions and does not differentiate between direct 

and indirect relationships. In general, the PLV focused on the size of phase differences, 

however, it is not clear whether the size of phase difference has a meaning for the coupling 

strength [148]. Nevertheless, the consideration of the nonlinearity is an advantage of this 

measure and important when focusing on the inverse problem resulting from mapping 

from signal into source space. The general problem of volume conduction, which is also 

of importance for PLV, is tried to overcome by analyzing data into source space as it was 

done for this dissertation. The PLV serves as a robust measure [148]. Nevertheless, source 

space connectivity analysis is only the first step in brain network analysis. It only provides 

information on the connection of pairs of brain regions. Brain network analysis like 

applying graph theory may provide more information since it characterizes the 

organization of networks [148]. 

5.3 Limitations of the Cross-sectional Cohort Study 

Although the study has many strengths, due to its design considered factors that were 

missing in previous studies, some limitations should be mentioned. The number of 

participants was small. Although the study was conducted over three years, it was only 

possible to recruit 26 PWE. The accessibility of epilepsy patients was limited due to the 

restricted local recruitment possibilities and the COVID-19 pausing. Furthermore, some 

patients could not participate due to the exclusion criteria. Overall, the findings could be 

biased by the small sample size.  
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Since the recruitment was conducted in pharmacies, at physicians, local hospitals, and by 

direct communication, the included cohort was heterogeneous regarding seizure and 

epilepsy characteristics. They suffered from different epilepsy syndromes, etiologies, and 

seizure types. However, most of the patients were unaware of these characteristics. This 

could be explained by a limited knowledge of the disease and by the diagnosis. This 

heterogeneity, also regarding seizure frequency and ASD use, could influence the results. 

An impact on autonomic function and network alteration in epilepsy is assumed but still 

under discussion in the literature. Nevertheless, this heterogeneity reflects the epilepsy 

community in general, especially because most patients were seizure-free which applies 

to 70% of all epilepsy patients [41]. The documentation of the heterogeneous 

characteristics enables the consideration of their influence on the results. However, due 

to the small sample size, no subgroup analyses were possible (e.g., regarding seizure types 

or ASDs). 

 

Additionally, physical activity levels were assessed by the IPAQ, which is based on a 

subjective self-assessment of physical activity in daily life. An objective tool like an 

activity tracker could reveal more insights into one’s actual daily activity. Nevertheless, 

for assessing fitness level, spirometry is an objective measure. Since in this study all 

participants considered for the analysis reached physical exhaustion, retrospectively 

checked based on ventilatory, metabolic, cardiovascular, and performance criteria, the 

VO2peak is considered a valid measurement for fitness level.  

 

Of note, the associations between peripheral and central ANS activity were only based 

on correlations. This statistical dependency does not enable statements about causality. 

Nevertheless, the study design with an exercise stimulus was applicable to epilepsy 

patients and healthy controls, enabling between-group and within-group comparisons, of 

the peripheral and central autonomic activity.  
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6 Conclusion and Outlook 

This dissertation contributes to an increased knowledge in the field of physical activity 

and epilepsy. It became clear that there is no basis for a general discouragement or even 

a ban on being physically active for PWE.  

 

The narrative review of animal studies showed that there is mostly a positive impact or at 

least a non-negative effect of physical activity interventions on seizure-associated 

outcomes. Even the first studies investigating the influence of physical activity on seizure 

frequency in PWE showed that there is no negative effect for most patients when 

individual epilepsy and seizure characteristics are considered. However, cases of 

exercise-induced seizures are reported. This was shown by the systematic review. 

Furthermore, the literature overview indicated a positive effect of physical activity on 

comorbidities like depression and anxiety.  

 

To target the fear of exercise-induced seizures, as one of the main reasons for the 

discouragement from exercising, in a cross-sectional design, the influence of an acute 

exhaustive exercise test on seizure activity in PWE was investigated. In the community-

based cohort of mainly seizure-free patients, it was shown that exhaustive exercise tests 

are feasible for this patient group and do not trigger seizures. 

 

In the cross-sectional cohort study, PWE were compared to a healthy matched control 

group to investigate autonomic control in the context of exercise. However, the groups 

were similarly fit, a lower maximum heart rate and chronotropic response was observed, 

indicating a higher risk for cardiac events. Cardiovascular alterations and also an 

increased risk for sudden death are known problems in epilepsy. The results of the cross-

sectional cohort study indicated an impaired interaction of the ANS that may play a role 

in this context. Although, peripheral autonomic outcomes like RMSSD, reflecting 

parasympathetic activity, or meanEDA, indicating sympathetic activity, did not differ in 

the context of exercise between the two groups, a different relationship, indicated by the 

correlation coefficient difference, between meanEDA and functional connectivity within 

the CAN after exercise between the groups was observed. This result is of importance 

since the CAN is discussed to be the origin of autonomic activity changes in PWE. Of 



Conclusion and Outlook 

 

49 

note, this cross-sectional cohort study was conducted on mainly seizure-free PWE who 

are the majority in the general epilepsy cohort. Nevertheless, in this group, epilepsy-

specific factors like seizure frequency, seizure type, epilepsy syndrome, and ASDs were 

heterogeneous and therefore, might impact the results. 

 

As it was shown that physical activity does not pose a risk for PWE in general, the 

potential positive impact physical activity may have on seizures and comorbidities should 

be used for increasing the quality of life in PWE. The next step for research, following 

this dissertation, should be an intervention study investigating the effect of physical 

activity on seizure frequency in a controlled design. Furthermore, to focus on the risk for 

SUDEP in this patient group, the intervention should target cardio autonomic functions 

to reduce the risk and to impact the central and peripheral interaction within the ANS. 

This may be tested by having an acute exhaustive exercise test before and after an 

intervention. For comparison purposes, the study should consider using the same, or at 

least a similar exercise test as the one conducted for this dissertation. To ensure a safe 

environment, individual epilepsy and seizure characteristics have to be considered. 
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Zusammenfassung

Hintergrund: Die Evidenz zum Einfluss körperlicher Aktivität (kA) auf die Anfallsfre-
quenz in Humanstudien ist niedrig.
Ziel: Literaturbasierte narrative Darstellung des Einflusses von kA auf Status epilepticus
(SE) im Tiermodell.
Material und Methode: Auf Basis einer systematischen Literaturrecherche wurden
kontrollierte, sportliche Interventionsstudien im Tiermodell für alle Anfallsmodelle
sowie Belastungsformen und Modalitäten eingeschlossen, die den Einfluss auf
klinische Endpunkte wie Anfallsfrequenz, Latenz und Intensität von Anfällen oder
epilepsietypische Aktivität im EEG untersuchten.
Ergebnisse: Es wurden 33 Studien mit 37 Interventionen (Ausdauer-, Schwimm-
oder Krafttrainings verschiedener Intensität, Dauer und Frequenz) eingeschlossen,
im Rahmen derer eine Trainings- mit einer Kontrollgruppe verglichen wurde. Die
untersuchten Endpunkte waren sehr heterogen und beinhalteten unter anderem
epilepsietypische Aktivität im EEG, Latenz bis zum ersten Anfall, Stärke der Symptome
oder Anfallsfrequenz. Insgesamt zeigte sich nach 20 Interventionen ein positiver
Effekt, nach 9 Interventionen ein heterogener Effekt (positiv oder ausbleibend), nach
6 Interventionen ein ausbleibender Effekt und nach 1 Intervention ein positiver und ein
negativer Effekt bezüglich der untersuchten klinischen Endpunkte.
Schlussfolgerung: Im Tiermodell scheint kA keinen relevanten negativen Einfluss
auf anfallsassoziierte Endpunkte zu haben und wirkt sich tendenziell in den meisten
Fällen, z. B. hinsichtlich der Anfallsfrequenz, positiv aus. Diese Ergebnisse sollten
zur Untersuchung des Einflusses von kA auf die Anfallsfrequenz in Humanstudien
motivieren.

Schlüsselwörter
Training · Anfälle · Epilepsie · Tiermodell · Status epilepticus

Die Angst vor negativen Einflüssen von
körperlicher Aktivität (kA) auf den Ver-
lauf von Epilepsien sowie vor sportindu-
zierten Anfällen sind vermutlich 2 Gründe
für die lang geltende Empfehlung gegen
Sportausübung für Menschen mit Epilep-
sie [18]. Aus Humanstudien ist jedoch der
positive Einfluss von kA auf viele krank-
heitsassoziierte Aspekte wie z. B. die psy-
chologische Gesundheit [44] bekannt. Die

Beeinflussung der Anfallsfrequenz wurde
bislang wenig untersucht, und Hinweise
auf einen positiven Zusammenhang exis-
tieren hauptsächlich in Tiermodellen. Ei-
ne starke Evidenz für eine antiepileptische
Wirksamkeit von kA in Tiermodellen könn-
tedenklinischenTransfer jedocherheblich
stimulieren.
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Übersichten

Methodik

DieLiteraturrecherchewurdeam24.05.2022
auf PubMed und Web of Science durch-
geführt. Es wurde der Suchterminus „(epi-
lepsy OR seizure OR antiepileptic OR
epileptic) AND (animal OR rat OR mouse
OR rodent) AND (exercise OR ,physical
activity‘ OR sport OR training OR ,phy-
sical effort‘)“ verwendet. Eingeschlossen
wurden kontrollierte Interventionsstudi-
en im Tiermodell (Ratten, Mäuse), die
die Auswirkungen von sportlichem Trai-
ning auf Endpunkte wie Anfallsfrequenz,
Latenz oder Intensität von Anfällen oder
epilepsietypischeAktivität imEEG untersu-
chen. Im Rahmen dieser Übersichtsarbeit
wurden Ergebnisse von Training in Epi-
lepsiemodellen im Vergleich zu Epilepsie-
kontrollgruppen beschrieben. Studien, die
eine zusätzliche Medikamenteninjektion
beinhalten, wurden nicht beschrieben.

Ergebnisse

Insgesamtwurdenvon3489 identifizierten
Studien 33 in die Übersichtsarbeit einge-
schlossen. In 19 Studien wurde die Inter-
vention (INT) vor SE-Induktion durchge-
führt (INTvSE) [1, 4, 10, 14, 19, 21, 23, 24,
26, 28–31, 33, 37, 39, 40, 42, 45] und in
14 Studien nach SE-Induktion (INTnSE) [2,
5, 6, 8, 9, 20, 27, 32, 34, 35, 38, 43, 46]. Ei-
ne Studie verwendete WAG/Rij-Ratten mit
spontaner Absence-Epilepsie, sodass die-
se der Gruppe INTnSE zugeordnet wurde
[12].

Status-epilepticus-Induktion und
Untersuchungstiere

In 2 Studien der Gruppe INTvSE wurden
die Auswirkungen von Amygdalastimula-
tionen auf das Kindling untersucht [4, 10].
Verschiedene chemische Konvulsiva wie
Homozystein Thiolacton (n= 2) [23, 24],
Kainsäure (n= 4) [29–31, 40], Pentylene-
tetrazol (PTZ) (n= 4) [1, 14, 33, 39], Pilo-
carpin (n= 4) [19, 21, 37, 45] und Penicillin
(n= 3) [26, 28, 42] kamen in den anderen
Studien zur SE-Induktion zur Anwendung.

In der Studiengruppe INTnSE wurden
Pentylenetetrazol (n= 2) [32, 35], Ascor-
binsäure und/oder Penicillin (n= 2) [27,
43] und Pilocarpin (n= 9) [2, 5, 6, 8, 9, 20,

34, 38, 46] eingesetzt sowie das Absence-
Epilepsie-Modell der WAG/Rij-Ratten [12].

In 28 Studien wurden männliche und
in 2 Studien [45, 46] weibliche Ratten un-
tersucht. Drei Studien nutzten männliche
Mäuse [29–31].

Interventionsprogramme und
Belastungsmodalitäten

In der Gruppe INTvSE wurden Schwimm-
training (n= 6), kombiniertes Schwimm-
und Ausdauertraining (n= 1), erzwunge-
nes Ausdauertraining auf dem Laufband/-
rad (n= 11) und freiwilliges Ausdauertrai-
ning (freier Zugang zum Laufband/-rad)
(n= 1) durchgeführt. Eine Studie verglich
freiwilliges und erzwungenes Ausdauer-
training.

In der Gruppe INTnSE wurden
Schwimmtraining (n= 4), erzwungenes
Ausdauertraining (n= 8), freiwilliges Aus-
dauertraining (n= 3) und Krafttraining
(Klettern an einer Leiter) (n= 2) durchge-
führt. Zwei Studien verglichen freiwilliges
und erzwungenes Ausdauertraining und
eine weitere Schwimmtraining und frei-
williges Ausdauertraining.

Die Trainingsprogramme sind detail-
liert im Online-Zusatzmaterial in den Ta-
bellen S1 und S2 dargestellt.

In der INTvSE-Gruppe variierten Häu-
figkeit und Dauer der Schwimmeinhei-
ten zwischen 15 und 90 Einheiten und
15–60min pro Einheit, die Ausdauerein-
heiten zwischen 1 und 65 Einheiten und
15–60min pro Einheit mit unterschiedli-
chen Geschwindigkeiten. In den freiwilli-
genAusdauertrainingsinterventionenhat-
ten die Tiere 27 und 30 Tage Zugang zum
Laufband (Tab. S1).

In der INTnSE-Gruppe wurde das
Schwimmtraining zwischen 20 und 90 Ein-
heiten bei unterschiedlichen Dauern
durchgeführt (15–60min). Über 10 bis
59EinheitenmiteinerDauervon30–60min
pro Einheit wurden die Tiere in den Aus-
dauerinterventionenbei unterschiedlicher
Geschwindigkeit trainiert. Das freiwillige
Ausdauertraining wurde über 10, 30 oder
45 Tage durchgeführt und die Krafttrai-
ningseinheiten jeweils über 20 Einheiten
(Tab. S2).

Ergebnisse zu den klinischen
Endpunkten

In den eingeschlossenen Studien wur-
den unterschiedliche Endpunkte erhoben
(Tab. S1, S2). Einige wurde zu einem
festgelegten Zeitpunkt und andere mehr-
mals innerhalb einer Zeitspanne erhoben.
Die im Online-Zusatzmaterial in Tab. S1
und S2 dargestellten Ergebnisse beziehen
sich auf die jeweiligen primär berichteten
Hauptergebnisse der eingeschlossenen
Studien und auf einen Gruppenvergleich
zwischen der Epilepsietrainingsgruppe
und der Epilepsiekontrollgruppe.

Innerhalb der Gruppe INTvSE wurden
unter anderem die Endpunkte „Anzahl Sti-
mulationen“ [4, 10], „Anzahl an Injektio-
nen“ [40], „LatenzSE“ [21,45], „Latenzerste
Symptome“ [21, 37], „Latenz erster Anfall“
[1, 14, 19, 23, 24, 28, 39], „Latenz Konvul-
sionen“ [33], „Dauer Konvulsionen“ [33],
„Intensität Symptome“ (basierend auf fest-
gelegter Skala) [1, 14, 21, 37], „Frequenz
Symptome“ [37], „Zeit Anfallsmanifesta-
tion“ [37], „Anfallsfrequenz“ [1], „Anzahl
Anfallsepisoden“ [23], Mortalität [30, 33],
„epileptiforme Aktivität“ im EEG [1, 26, 28,
39], „Anfallsaktivität“ [29–31] untersucht
(Tab. S1).

Innerhalb der Studiengruppe INTnSE
wurden die Endpunkte „Anfallsfrequenz“
[2, 5, 6, 8, 9, 20, 34, 38, 46], „Latenz“ [32,
35], „Dauer Anfälle“ [32], „Intensität Sym-
ptome“ [32] und „epileptiforme Aktivität“
im EEG [12, 27, 43] erhoben (Tab. S2).

In der Gruppe INTvSE wurden durch
10 Interventionen in 10 Studien positive
Effekte unter anderem auf die Anfallsakti-
vität, epileptiformeAktivität und Anfallsla-
tenzen zugunsten der Epilepsietrainings-
gruppe beobachtet (Schwimminterventi-
onn= 4, erzwungene Ausdauerinterventi-
on n= 5, freiwillige Ausdauerintervention
n= 1) [1, 4, 14, 19, 26, 29–31, 33, 40]. Fünf
Interventionen in 5 Studien zeigten hete-
rogene Ergebnisse (Schwimmintervention
n= 3, erzwungene Ausdauerintervention
n= 2) [9, 21, 37, 39, 42]: Während einige
positiv beeinflusst wurden, konnte bei an-
deren kein Gruppenunterschied gefunden
werden (Tab. S1). Bei 3 Ausdauerinterven-
tionen in 3 Studien konnte kein Effekt auf
alle eingeschlossenen Endpunkte, z. B. La-
tenzen, Inzidenzen, Intensitäten oder epi-
leptiforme Aktivität, beobachtet werden
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[24, 28, 45]. In einer Studie, die ein freiwil-
liges Ausdauertraining durchführte, war
die Intensität der motorischen Symptome
in der Trainingsgruppe im Vergleich zur
Kontrollgruppe stärker. Allerdings wurde
in der Epilepsietrainingsgruppe auch eine
verkürzte Latenz bis zum Auftreten des
ersten Anfalls gefunden [45].

In der Gruppe INTnSE wurden durch
11 Interventionen in 11 Studien positive
Auswirkungen auf die untersuchten End-
punkte beobachtet (Schwimminterventi-
onn= 3, erzwungene Ausdauerinterventi-
on n= 4, freiwillige Ausdauerintervention
n= 2, Kraftinterventionn= 2) [2, 5, 6, 8, 12,
20, 32, 34, 43, 46]. Dabei wurden Parame-
ter wie epileptiforme Aktivität, Latenzen
und Dauern sowie Anfallsfrequenzen po-
sitiv beeinflusst. Vier Interventionen aus
3 Studien zeigten heterogene Ergebnisse
(Schwimmintervention n= 1, erzwunge-
ne Ausdauerintervention n= 2, freiwillige
Ausdauerintervention n= 1) [9, 27, 35]. So
war z. B. die Anfallsdauer reduziert, die La-
tenz bis zum ersten Anfall allerdings nicht
[35], oder Spikes im EEG wurden positiv
hinsichtlichderAnzahlundFrequenz,nicht
aber der Amplitude und Latenz beeinflusst
[27]. Durch 2weitere Interventionen konn-
te kein Gruppenunterschied bezüglich des
einzig beobachteten Endpunktes Anfalls-
frequenz beobachtet werden (erzwunge-
ne Ausdauerintervention n= 2) [38, 46].

Diskussion

DieAnzahl undArtderuntersuchtenStudi-
enendpunkte inden37 Interventionen aus
33 Studien variiert zum Teil erheblich. Zu-
sammenfassend aus beiden Studiengrup-
pen (INTvSE, INTnSE) konnte in 20 In-
terventionen ein positiver Effekt auf ver-
schiedene Endpunkte, wie z. B. Anfallsfre-
quenz oder epileptiforme Aktivität, in der
Epilepsietrainingsgruppe beobachtet wer-
den. Neun Interventionen zeigten hetero-
gene Ergebnisse bezüglich der untersuch-
ten klinischen Endpunkte. Bei 6 Interven-
tionen konnte kein Trainingseffekt nach-
gewiesen werden. Es zeigten sich dem-
nachkeineUnterschiedezwischenderTrai-
ningsgruppe und der Kontrollgruppe. Le-
diglich durch eine freiwillige Ausdauerin-
tervention wurde die Stärke motorischer
Symptome negativ beeinflusst, allerdings

gleichzeitigaucheinpositiverEffektaufdie
Latenz bis zum ersten Anfall beobachtet.

Neben den Studienendpunkten zeigte
sicheineHeterogenitäthinsichtlichderun-
tersuchtenTrainingsprogramme.Dieseun-
terschiedensichhinsichtlichderAnzahlder
Einheiten,derDauer,derLaufgeschwindig-
keit oder der Zusatzgewichte. Die Grün-
de für das Ausbleiben eines Effekts nach
einigen der untersuchten Interventionen
erscheinen imVergleichmitanderenStudi-
en nicht eindeutig. So blieb beispielsweise
der Effekt auf Parameter der epileptifor-
men Aktivität in der Gruppe INTvSE nach
90 Einheiten Schwimmtraining über je-
weils 30 und 60min aus, nicht aber nach
15min[42]odernach21Einheitenà60min
[1]. EinähnlichesBild zeigt sich inderGrup-
pe INTnSE. Im direkten Vergleich der Inter-
ventionen muss allerdings berücksichtigt
werden, dass die beobachteten Endpunk-
te studienspezifisch sind und sich nicht
oder nur schwer studienübergreifend ver-
gleichen lassen. Tendenziell gibt es je-
doch Hinweise darauf, dass die Applika-
tion von nur wenigen Interventionen (1
bis 10 Einheiten) weniger effektiv zu sein
scheinen, obwohl ein Effekt auch bei häu-
figeren Interventionen (90 Einheiten) teil-
weise ausgeblieben ist. Ein möglicher Ein-
flussfaktor könnten die unterschiedlichen
Wirkmechanismen der verwendeten che-
mischen Konvulsiva zur SE-Induktion sein.
Iqbal et al. (2017) [25] untersuchten in
einem systematischen Review und einer
Metaanalyse nur die Studien, in denen das
Pilocarpin-Modell angewendet wurde. Die
Autoren schlussfolgerten, dass die Effizi-
enz des Trainings von der Dauer abhänge.
Eine solche Schlussfolgerung ist in dieser
weit gefassten Übersichtsarbeit im Sinne
einerDosis-Wirkungs-Beziehungaufgrund
derHeterogenitätderAnfallsmodellenicht
möglich, jedoch bestandenmit Ausnahme
einer Studie auch keine negativen Effekte.

Der beobachtete positive Effekt auf die
untersuchten Endpunkte in den freiwilli-
gen, aber nicht in den erzwungenen Aus-
dauertrainingsgruppen der Forschergrup-
pe Vannucci Campos (2016, 2017) [45, 46]
wirdmöglicherweiseauchvomGeschlecht
derTierebeeinflusst.Epilepsien,besonders
im Pilocarpin-Modell, welches hier zur An-
wendung kam, scheinen einen Einfluss auf
die hormonelle Regulation bei weiblichen
Ratten zu haben [3]. Der Einfluss auf die

Endpunkte Anfallsfrequenz sowie Latenz
bis zum ersten motorischen Anfall und da-
miteinhergehendderZusammenhangmit
kA ist dabei nicht eindeutig geklärt, so-
dass die Vergleichbarkeit zu den anderen
Studien eingeschränkt ist.

Neben der Beobachtung und Beschrei-
bung von Endpunkten im Kontext mit kA
wie Anfallsfrequenz, Latenz und Intensi-
tät von Anfällen oder epilepsietypischen
Veränderungen im EEG werden in der Li-
teratur auch mögliche zugrunde liegende
physiologische Wirkmechanismen disku-
tiert [11]. Die Bedeutungen des „brain-
derived neurotropic factor“ (BDNF) und
des Neuropeptids Y (NPY) sind dabei nur
2 Ansatzpunkte bei der mechanistischen
Betrachtung. KA kann die Expression des
BDNF und des NPY steigern [16, 22], die
Bedeutung von BDNF bei Epilepsien ist
jedoch noch unklar. Zum einen könnte ei-
ne exzitatorische Wirkung bestehen [36],
zum anderen wird aber auch eine Mo-
dulation der Expression von Neuropepti-
den,beispielsweisedesNPY,vermutet[17].
Über die Modulation synaptischer Kopp-
lung in der Hippocampusformation dient
NPY möglicherweise als endogenes Anti-
konvulsivum [13]. Auch andere Mechanis-
men werden in diesem Kontext diskutiert
[7].

Obschon die Übertragbarkeit der Er-
gebnisse aufgrund der Anwendung eines
Anfallsmodells auf den Menschen einge-
schränkt istundkeinemethodischeBewer-
tung der Studien vorgenommen wurde,
sodass das Verzerrungspotenzial der vor-
liegenden Ergebnisse unklar ist, sollten die
positiven Ergebnisse und das weitestge-
hendeAusbleibenvonnegativenErgebnis-
sen zur Untersuchung des Einflusses von
kA auf epileptische Anfälle im Menschen
motivieren [15, 41]. Eine systematische
Übersichtarbeit konnte zeigen, dass sich
in Humanstudien zumeist positive Effekte
von kA auf Lebensqualität und Depressio-
nen zeigen und in den meisten Fällen ein
negativer Einfluss auf die Anfallsfrequenz
ausbleibt oder diese sogar bei einigen Pa-
tienten reduziert werden kann [44].

Fazit für die Praxis

Bei der jahrzehntelang geltenden Empfeh-
lung gegen Sportausübung spielen die Sorge
vor Hyperventilation beim Sporttreiben so-
wie die Sorge vor kA-induzierten Anfällen
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Übersichten

eine Rolle. Zu Ersterem existieren allerdings
keine validen Daten, wohingegen das Risiko
für Anfälle unter Berücksichtigung indivi-
dueller Faktoren zu evaluieren ist. Auf Basis
der Ergebnisse aus Tiermodellen und aus
ersten klinischen Studien scheint es, dass
die Annahme von kA-induzierten negativen
klinischen Auswirkungen nicht ohne Weite-
res aufrechterhalten werden kann. Während
Anfälle beimSport (z.B. beimKlettern) durch-
aus eine Gefahr für Verletzungen darstellen
können, scheint populationsbasiert keine all-
gemein erhöhte Verletzungsrate beim Sport
zu bestehen. Zum besseren klinischen Um-
gang mit Sport bei Epilepsien veröffentlichte
die „International League Against Epilepsy“
2016 eine Risikoklassifikation nach Sportar-
ten und klinischem Verlauf, an denen sich
Kliniker gut orientieren können.
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Abstract

Impact of physical activity on status epilepticus in an animal model.
Basis for clinical transfer?

Background: The evidence for the influence of physical activity (PA) on seizure
frequency in human studies is very low.
Objective: Literature-based narrative presentation of the influence of PA on status
epilepticus (SE) in animal models.
Material and methods: Based on a systematic literature research, controlled exercise
intervention studies for all animal models on seizures as well as all exercise modalities
and types were included, which investigated clinical endpoints, such as seizure
frequency, latency and intensity of seizures or epileptiform activity.
Results: A total of 33 studies investigating 37 interventions (endurance, swimming
and strength training of various durations, intensities and frequencies) involving
a training group and a control group were included. The investigated endpoints
were very heterogeneous and included epileptiform activity, latency to the first
seizure, severity of symptoms and seizure frequency. Overall, 20 Interventions showed
a positive effect on clinical endpoints, 9 interventions revealed a heterogeneous effect
(positive or missing), 6 interventions were not associated with any clinical effect and in
1 intervention 1 endpoint was negatively influenced and 1 positively.
Conclusion: In animal models, PA does not appear to have a relevant negative impact
on seizure-associated endpoints and in most cases a positive trend towards clinical
features of SE (for example on seizure frequency) was reported. These results should
motivate investigation of the influence of PA on seizure frequency in human studies.
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Training · Seizure · Epilepsy · Animal model · Status epilepticus
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Supplementary Material 

Tabelle 1: Übersicht der Interventionen und Endpunkte aus den Studien in der Gruppe INTvSE 

Schwimminterventionen 

Studie Einheiten,  

Dauer in min, 

Gewicht in % 

vom eigenen 

Körpergewicht 

Endpunkte 1 

Setkowicz 

2006 [37] 

15 Drei-Tages-

Zyklen 

Schwimmen: 

20, - 

Ausdauer: 20, 

18 m/min 

Latenz erste Symptome + 

Latenz maximale Ausprägung Symptome + 

Gesamtzeit Anfallsmanifestation + 

Frequenz Symptome / 

Latenz Symptome / 

Souza 2009 

[39] 

30, 60, 5 30mg/kg PTZ 

Anfallsaktivität im EEG + 

Amplitude EEG-Wellen + 

Baseline EEG-Amplitude / 

45mg/kg PTZ 

Anfallsaktivität im EEG + 

Amplitude EEG-Wellen + 

Dauer konvulsiver Episoden + 

Latenz erste konvulsive Episode + 

Baseline EEG-Amplitude / 

60mg/kg PTZ 

Anfallsaktivität im EEG + 

Amplitude EEG-Wellen + 

Dauer konvulsive Episoden + 

Baseline EEG-Amplitude / 

Tutkun 2010 

[42]  

 

 

 

90, 15, - mittlere Frequenz elektrokortikographischer (ECOG) epileptiformer 

Aktivität (ersten 70 min) 

+ 

mittlere Amplitude ECOG epileptiformer Aktivität (ersten 90 min) + 

90, 30, - mittlere Frequenz ECOG epileptiformer Aktivität / 

mittlere Amplitude ECOG epileptiformer Aktivität / 

90, 60, - mittlere Frequenz ECOG epileptiformer Aktivität / 

mittlere Amplitude ECOG epileptiformer Aktivität / 

Kim 2013 [29] 30, 60, 5 Anfallsaktivität + 

Kim 2014[30] 24, 60, 5-10 Anfallsaktivität + 

Mortalität + 

Kim 2016 [31] 24, 30, - Anfallsaktivität + 

Acar 2022 [1] 21, 60, - Anzahl Spikes + 

epileptiforme Aktivität im EEG + 

Latenz EEG-Veränderung + 

Erzwungene Ausdauerintervention 

Studie Einheiten,  

Dauer in min 2, 

Geschwindigkeit 

in m/min 2 

Endpunkte 

Arida 1998 [4] 1, 40, 20 Zeit im ersten Anfallsstadium + 

Nachentladungszeiten im EEG (erstes Anfallsstadium) + 

 45, 40, 20 Zeit im ersten Anfallsstadium + 

Nachentladungszeiten im EEG (erstes Anfallsstadium) + 

Anzahl Stimulationen erster generalisierter Anfall + 

Arida 2007 

[10] 

40, 60, 24-26 Anzahl Stimulationen fünftes Anfallsstadium + 

Anzahl Stimulationen zweites, drittes, viertes Anfallsstadium / 

Dauer in ersten Anfallsstadium + 

Nachentladungszeiten im EEG (erstes Anfallsstadium) + 



Barzroodi 

2019 [14] 

20, 30, 

Steigerung 

5m/min alle 5 

min bis 

25m/min 

Intensität der Anfälle (Tag 5, 10, 22, 26) + 

Anfallslatenz (Tag 1,3,8,10,12,15,17,19, 22) + 

Gomes da 

Silva 2011 

[21] 

39, bis zu 60, 

bis zu 18 

Latenz erste Symptome + 

Intensität motorische Symptome + 

Latenz bis Status Epilepticus / 

Hrncic 2014 

[23] 

30, 30, 20 Latenz Anfall + 

Anzahl Anfallsepisoden + 

Intensität Anfallsepisoden / 

Hrncic 2016 

[24] 

1, 30, 25 Anfallsinzidenz / 

Latenz erster Anfall / 

Anzahl konvulsiver Episoden / 

Anfallsintensität / 

Kayacan 2016 

[26] 

65, 15, bis zu 27 

+ Steigung 

Mittlere Frequenz epileptiformer Aktivität (70 min nach Injektion) + 

65, 30, bis zu 27 

+ Steigung 

Mittlere Frequenz epileptiformer Aktivität (90 min nach Injektion) + 

65, 60, bis zu 27 

+ Steigung 

Mittlere Frequenz epileptiformer Aktivität (90 min nach Injektion) + 

Tchekalarova 

2015 [40] 

20, bis zu 40, 20 Anzahl an Injektionen bis zum Status Epilepticus + 

Anfallsfreie Phase + 

Vannucci 

Campos 2016 

[45] 

30, 30, bis zu 22 Latenz erster motorischer Anfall / 

Anzahl Ratten Status Epilepticus / 

Kayacan 2020 

[28] 

50, 30, 8 Latenz Anfälle / 

Amplitude Spike-Wave-Komplexe / 

Frequenz Spike-Wave-Komplexe / 

Meigoni 2021 

[33] 

18, 45, 15 + 

Steigung 

Latenz klonische Konvulsionen + 

Dauer klonische Konvulsionen + 

Freiwillige Ausdauerinterventionen 

Studie Dauer in Tagen, 

durchschnittlich 

zurückgelegte 

Distanz pro Tag 

Endpunkte 

Epps 2013 

[19] 

27, keine 

Angaben 

Latenz erster Anfall + 

Vannucci 

Campos 2016 

[45] 

30, 

10,260±2580 

Meter 

Latenz erster motorischer Anfall + 

Intensität motorischer Symptome - 

1 Die Ergebnisse der Endpunkte beziehen sich auf einen signifikanten Gruppenunterschied zugunsten der 

Epilepsietrainingsgruppe (+), zum Nachteil der Epilepsietrainingsgruppe (-) oder auf einen ausbleibenden 

Gruppenunterschied (/). (gilt für alle Tabellen) 
2 Angabe der am längsten durchgeführten Laufdauer und Geschwindigkeit (gilt für alle Tabellen) 

 

 

Tabelle 2: Übersicht der Interventionen und Endpunkte aus den Studien in der Gruppe INTnSE 

Schwimminterventionen 

Studie Einheiten, Dauer in 

min, Gewicht in % vom 

eigenen Körpergewicht 

Endpunkte 

Aygun 2019 [12] 90, 15, - Gesamtzahl Spike-Wave Entladungen + 

mittlere Gesamtdauer Spike-Wave Entladungen + 

90, 30, - Gesamtzahl Spike-Wave Entladungen + 

mittlere Gesamtdauer Spike-Wave Entladungen + 

90, 60, - Gesamtzahl Spike-Wave Entladungen + 

mittlere Gesamtdauer Spike-Wave Entladungen + 



Lin 2019 [32] 20, 30, - Latenz Anfall + 

Dauer kleine Anfälle + 

Dauer große Anfälle + 

Anfallsscore + 

Rambo 2009 [35] 25, 60, 5 Anfallsdauer + 

Latenz erster Anfall / 

Tutkun 2015 [43] 90,15, - mittlere Frequenz Spikes (in Minute 60) + 

90, 30, - mittlere Frequenz Spikes (in Minute 80) + 

mittlere Amplitude epileptiformer Aktivität (110, 120 

min nach Injektion) 

+ 

90, 60, - mittlere Frequenz Spikes (in Minute 80) + 

mittlere Amplitude epileptiformer Aktivität (110, 120 

min nach Injektion) 

+ 

Erzwungene Ausdauerinterventionen 

Studie Einheiten, Dauer in 

min, Geschwindigkeit in 

m/min 

Endpunkte 

Arida 1999 [5]  45, 60, 20-22 Anfallsfrequenz + 

Arida 2003 [6] 45, 60, 24-26 Anfallsfrequenz (nach 45 Tagen) + 

Arida 2004 [8] 45, 60, 22-25 Anfallsfrequenz + 

Arida 2007 [9] 10, 60, 23-26 Anfallsfrequenz / 

45, 60, 23-26 Anfallsfrequenz + 

Gomes 2014 [20] 59, 60, 18 Anfallsfrequenz + 

Kayacan 2019 [27] 50, 30, 8 Frequenz Spikes + 

Anzahl Spikes + 

Amplitude Spikes / 

Latenz Spikes / 

Vannucci Campos 

2017 [46] 

20, 30, bis zu 22 Anfallsfrequenz / 

Siliano 2006 [38] 20, 60, - (60% VO2max) Anfallsfrequenz / 

Freiwillige Ausdauerinterventionen 

Studie Einheiten/Tage, 

Durchschnittliche 

zurückgelegte Distanz 

pro Tag 

Endpunkte 

Arida 2007 [9] 10, keine Angaben Anfallsfrequenz / 

45, keine Angaben Anfallsfrequenz + 

Lin 2019 [32] 20, keine Angaben (30 

min) 

Latenz Anfall + 

Dauer kleine Anfälle + 

Dauer große Anfälle + 

Anfallsscore + 

Vannucci Campos 

2017 [46] 

30, 1730±1170 Meter Anfallsfrequenz + 

Kraftinterventionen 

Studie Einheiten, Anzahl der 

Aufstiege, Gewicht in % 

vom eigenen 

Körpergewicht 

Endpunkte 

Peixinho-Pena 

2012 [34] 

20, 8, ersten zwei 

Aufstiege 50%, danach 

100% 

Anfallsfrequenz + 

de Almeida 2016 

[2] 

20, 8, Steigerung 

innerhalb jeder Einheit: 

50%, 75%, 90%, 100% 

Anfallsfrequenz + 
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Original Article

Sport and Physical Activity 
in Epilepsy
A Systematic Review

Franziska van den Bongard, Hajo M. Hamer, Robert Sassen, Claus Reinsberger

E pilepsy is a common neurological disorders with a 
lifetime prevalence of 7.6 per 1000 persons (e1). In 
addition to recurrent seizures, epilepsy is also 

 associated with comorbidities such as cognitive and 
 psychological problems, as well as social difficulties (e2). 
Despite the known positive effects of sports and physical 
activity on quality of life and general disease prevention 
(e3), patients with epilepsy have long been discouraged 
from participating in sports activities (e4). This recom-
mendation is likely based on the fear that sporting activity 
may cause injuries, potentially induce seizures, and have 
a negative effect on disease course.

However, over the past few decades, studies have 
shown that sports-related injuries are not more com-
mon in these patients compared to the general popu-
lation (e5). Therefore, the questions arise as to 
whether patients with epilepsy avoid sports and take 
less physical exercise than the general population on 
the basis of unverifiable rationales and prejudices (e6) 
and whether this leads to further disadvantages for 
this group.

In 2016, the International League Against Epilepsy 
(ILAE) published a consensus paper that recommends 
safe sports participation for patients with epilepsy 
(e7). It is unclear which positive effects of sports on 
actual disease activity these patients are being de-
prived of. Therefore, the aim of this systematic review 
is to answer the following questions:
● Are patients with epilepsy less physically active

and less fit than the general population?
● What effect does physical activity have on comor-

bidities in epilepsy?
● What effect does physical activity have on the

 frequency of seizures?

Methods
The literature search was conducted on 31 January 
2019,  in the PubMed (Medline/PubMed Central) and 
Web of Science databases. The following search terms 
were used: (epilepsy OR “AED” OR seizure OR anti-
epileptic OR epileptic) AND (exercise OR “physical 
activity” OR sport OR training OR “physical effort” 
OR “physical therapy”). Longitudinal and cross-
 sectional human studies, as well as case studies, were 
included. Diagnosed epilepsy and endpoints on 

Summary
Background: For many years, people with epilepsy were 
 advised not to engage in sports. In this systematic review, we 
investigated whether persons with epilepsy exercise less than 
the general population, and what effect physical activity has 
on epilepsy. 

Methods: A literature search was carried out in PubMed and 
the Web of Science, and 14 269 studies were entered into the 
selection process. The selected studies were assessed for 
their methodological quality and accordingly assigned an 
 evidence level. 

Results: 42 studies were included in the review; 10 were 
 classified as evidence level 3, 27 as evidence level 2–, 2 as 
evidence level 2+, and 3 as evidence level 1–. Persons with 
epilepsy are less physically active and less physically fit than 
the general population. Reduced physical activity is associ-
ated with a higher frequency of comorbidities and lower 
quality of life. Physical interventions can improve quality of 
life. In most cases, physical exercise did not increase seizure 
frequency. 

Conclusion: There is no reason to forbid persons with epi-
lepsy to participate in sports; they should, rather, be encour-
aged to do so. The decision on a particular type of sport 
should, however, be taken individually in each case.
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 physical activity of any form were used as additional 
inclusion criteria. With regard to activity habits, only 
controlled studies were included.

A total of 14 269 studies were found and included 
in the selection process, which is presented in the 
 Figure. The studies were selected and evaluated by 
two independent reviewers (FvdB, CR).

Methodological quality assessment
Interventional studies were assessed according to the 
risk-of-bias principle (e9). Seven assessment categories 
were analyzed per study: 
● Selection bias: generation of a randomization

 sequence
● Selection bias: blinding to allocation
● Performance bias: blinding of personnel and

 endpoints
● Detection bias: blinding of subjects
● Attrition bias: incomplete data
● Reporting bias: selective reporting
● Other bias.
The cross-sectional studies were assessed on the

basis of the publication by Hammer et al. on the pre-
vention of distorted results in observational studies 
(e10). Five assessment categories were analyzed per 
cross-sectional study:
● Selection bias

● Information bias
● Measurement errors
● Confounding
● Other bias.
The risk for each bias in both assessment instru-

ments could be classified as high, unknown, or low. 
High and unknown risk were assigned one point and 
low risk no points, thereby achieving an overall score 
for each study. The higher the score, the worse the 
methodological quality. Case studies, epidemiological 
studies, and interview-based studies were not 
 assessed for methodology. Methodological quality 
 assessments were performed for 10 interventional 
studies and 25 cross-sectional studies.

Evidence levels
The included studies were assigned an evidence level 
(e11). Studies with a comparison group—i.e., with a 
healthy or diseased control group or with a sample 
 divided into active and inactive, or with group observa-
tion over several time points—were classified as evi-
dence level “2.” All studies without a comparison 
group in the cross-section were classified as level “3.”

Results
In all, 42 studies were included in the systematic 
 review. These studies can be divided into seven groups: 
● Case studies (n = 4)
● Interventional studies (n = 10)
● Epidemiological studies (n = 1)
● Survey-based studies (n = 12)
● Interview-based studies (n = 2)
● Combined cross-sectional studies (survey and

physical tests) (n = 4) 
● Studies on one-time physical effort (n = 9).
Altogether, 15 studies investigated physical

 activity in patients with epilepsy compared to healthy 
individuals. Of these, six evidence-level “2–” studies 
showed that individuals with epilepsy are less physi-
cally active (1–6). In addition, five studies (n = 4 
 evidence-level “2–” and n = 1 “2+”) reported lower 
physical fitness (in relation to various aspects such as 
VO2max, blood pressure) compared to healthy con-
trols (7–11). In contrast, the results of three other 
studies (evidence level “2–”) revealed no differences 
between groups in terms of physical activity (12–14). 
However, a further study (“2+”) found an association 
between physical fitness (activity) early in life and a 
reduced risk of epilepsy in later life (15).

In all, 17 studies investigated the effect of physical 
activity on comorbidities such as anxiety and depres -
sion, as well as quality of life. Ten of these studies 
(“2−” n = 8, “3” n = 2; survey-/interview-based 
studies, combined studies, studies on one-time physi-
cal effort) showed physical activity to have a positive 
effect (4, 9, 12, 14, 16–21). The results of six inter-
ventional studies (n = 2 evidence-level “1–”, n = 4 
“2−”) revealed a similar picture. Only one evidence-
level “2−” combined study found no association 
(e12).

FIGURE 

Selection process: PRISMA flow diagram (e8)
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses

Studies included 
(n = 42)

Studies excluded 
(n = 14 220)

– Based on title  (n = 14 087)
– Based on abstract  (n = 75)
– Meeting abstract (n = 1)
– Recommendations (n = 2)
– Reviews (n = 26)
– Meta-analyses (n = 1)
– Comment/letter to the editor

(n = 17)
– Study not in German or English

(n = 11)

Full-text articles   
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No access to full text (n = 4)
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Altogether, 21 studies investigated the effect of 
physical activity or one-time exertion on seizure fre-
quency. Two studies reported no seizures during a 
one-time physical activity (22, 23) (evidence level 
“2−”). In three studies, a reduction in epileptiform 
discharges during physical exercise testing was 
achieved (2, 24, 25) (“2−” n = 1; “3” n = 2). However, 
two of these studies found a rebound effect, with an 
increased number of discharges during the recovery 
phase compared to the resting phase (24, 25). Two in-
terventional studies (“1−”) found a statistically sig-
nificant reduction in seizures as a result of completing 
the exercise program in the epilepsy exercise groups 
(p <0.01; p <0.001) (26, 27). A survey-based study 
identified a statistically significant association be-
tween increased physical activity and a reduced 
number of seizures (p <0.05) (“3”) (e13). One further 
study revealed a trend towards a correlation between 
a higher frequency of seizures and lower physical 
 activity (“2−”) (5).

Deutsches Ärzteblatt International | Dtsch Arztebl Int 2020; 117: 1–6 

Three survey-based studies reported a hetero -
geneous picture in terms of the effect of physical 
 activity on seizures, with sports triggering seizures 
in some patients and not in others (“2−” n = 2; “3” 
n = 1) (6, 8, 28). The effect of physical activity on 
seizure frequency was similarly inconsistent in four 
interventional studies (“1−” n = 1, “2−” n = 3) 
(29–32). In summary, a total of 49 patients (with 
focal and/or generalized epilepsy) took part in three 
of these studies (29–31). The frequency of seizures 
remained unchanged by the intervention in 12 sub-
jects. Frequency during/after training diminished in 
25 subjects and rose in 12. A further interventional 
study (“2−”) identified no change in seizure frequen-
cy in the exercise group following a Kempo karate 
program (33). Four case studies described only indi-
viduals in whom sports/physical activity induced 
seizures (“3”) (34–37). The eResults section pro-
vides the study  results in greater detail. The results 
of studies with the highest level of evidence (“1−” 

TABLE 1 

Results in detail of higher-quality studies (selected according to evidence levels)

*1 (Seizure frequency × seizure duration)
*2 Survey instrument: World Health Organization Quality of Life instrument, short version (WHOQOL-BREF); Satisfaction with Life Scale (SWLS)
*3 Adjusted for calendar year, body mass index (BMI), region, test center, parental education; absolute values were not reported
CI, confidence interval

Study
Lundgren et al. 
 (2008) (26)

Sathyaprabha et al. 
 (2008) (27)

McAuley et al. 
 (2001) (30)

Fialho et al.  
(2017) (11)

Nyberg et al.  
(2013) (15)

Evidence level
1–

1–

1–

2+

2+

Statement
● 5-Week yoga intervention (8 patients) and acceptance and commitment therapy (ACT)

(10 patients)
● Follow-up: seizure frequency: declined in all subjects
● Pre-/post: seizure index*1: declined in ACT (p >0.01)/declined in yoga group (p >0.01) 
● Pre-/post: quality of life: improved in ACT group in the WHOQOL-BREF*2 (p <0.01)/ 

improved in yoga group in the SWLS*2 (p <0.05)

● 10-Week yoga intervention (18 patients) and exercise therapy (simple exercises)
(16 patients)

● Pre-/post: seizure frequency scores: improved in yoga group (p = 0.001)
● Interaction effect group × time: seizure frequency (p <0.001) (reduced in yoga group and 

increased in exercise therapy group)

● 12-Week combined training (cardiovascular and strength training) (14 patients) and 
 a control group with no intervention (9 patients)

● During intervention: seizure frequency: training group: n = 10 were and remained seizure-
free; n = 4 with active epilepsy, of which n = 2 experienced no change, n = 1 an increase, 
n = 1 a decline/control group: n = 6 were and remained seizure-free; n = 3 with active 
 epilepsy, of which n = 1 experienced no change, n = 1 an increase, n = 1 a decline

● Pre-/post: quality of life: improved in training group (overall questionnaire score, domains: 
physical function [p = 0.02], self-perceived health [p = 0.05], energy/fatigue [p = 0.02], role 
limitation [positive trend])/improved in control group (domain: energy/fatigue [p <0.01])

● One-time treadmill exercise (Bruce protocol), patient group (n = 30) and healthy control 
group (n = 30)

● Control group: higher peak heart rate (p = 0.002), longer exercise duration (p = 0.004), 
higher metabolic equivalent during exercise (p = 0.006), greater distance covered 
(p = 0.007), higher end-exercise level (p = 0.004), higher Duke score (p = 0.02), higher 
rate pressure product (p = 0.03)

● Chronotropic incompetence more prevalent in epilepsy group (p <0.001)

● Epidemiological study with 1 173 079 male conscripts aged 18 and over and follow-up of 
up to 40 years

● 6796 (0.6%) developed epilepsy
● Low and moderate cardiovascular fitness (at 18 years) were associated with an increased 

risk of developing epilepsy (hazard ratio: 1.79; 95% CI: [1.57; 2.03]*3 and hazard ratio: 
1.36; 95% CI: [1.27; 1.45]*3)

● Having one or more brothers with epilepsy doubles one’s own risk of developing the 
 disorder (fitness remained a significant predictor of developing epilepsy)
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and “2+”) referred to in this review are additionally 
shown in Table 1.

Methodological quality assessment
The median number of points in the methodological 
quality assessment of the interventional studies is seven 
(= maximum possible number of points, highest risk).

The median number of points for the survey-based 
studies was four, for the combined cross-sectional 
studies it was 4.5, and for the studies on one-time 
physical activity it was four (maximum possible 
number of points, highest risk). The results are 
 pre sented in detail in eTables 1a and 1b.

Evidence levels
Three of the 42 studies included are classified as evi-
dence level “1−,” two as evidence level “2+,” 27 as evi-
dence level “2−,” and 10 studies as evidence level “3” 
(Table 2).

Discussion
Overall, 11 of 15 studies found low levels of physical 
 activity or fitness in individuals with epilepsy. Another 
study highlighted the significance of physical activity at 
an early age in the prevention of epilepsy. A link was 
identified by 16 of 17 studies between physical activity 
and comorbidities and/or quality of life in patients with 
epilepsy. The available studies on the effect of physical ac-
tivity on seizure frequency are heterogeneous; however, in 
most cases, no increase in the number of sei zures was seen.

Only five studies could be classified as evidence 
level “1−” and “2+.” However, one must bear in mind 

that sports intervention studies are generally unable to 
achieve a “1+” evidence level due to their design.

The methodological quality of all studies included 
is overall low across all study types. The evaluability 
and quality of the studies is limited due to:
● Lack of information
● Lack of randomization
● Lack of control groups
● Lack of blinding
● Lack of consideration paid to inclusion factors
● Restrictions in the recruitment strategies.
A number of limitations arise as a result of poor pa-

tient accessibility as well as the peculiarity of this 
group. Comparability is overall limited, particularly 
in the case of studies on seizure frequency, due to the 
differing intervention programs, exercise intensities, 
and duration/frequency of the programs. 

In addition, most studies amalgamated various syn-
dromes and types of seizures, which needs to be 
viewed critically, particularly in terms of seizure fre-
quency, since this can differ between syndromes. 
Therefore, reliability in terms of the effect of physical 
activity on seizure frequency remains limited. Results 
from animal models are clearer due to the number of 
studies and their comparable design: physical exer-
cise reduced the number of recurrent seizures in the 
majority of animals (e14).

Potential mechanisms for a possible anticonvulsive 
effect include increased release of hippocampal 
 brain-derived natriuretic factor (BDNF), increased 
neurogenesis in the cornu ammonis 1 (CA1) region of 
the hippocampus, and increased sprouting of mossy 

TABLE 2 

Evidence level results

RCT, randomized controlled study

Evidence levels

1++

1+

1-

2++

2+

2−

3

4

Type of study

High-quality meta-analyses, systematic reviews of 
RCTs, or RCTs with an extremely low risk of bias

Well-conducted meta-analyses, systematic reviews, 
or RCTs with a low risk of bias

Meta-analyses, systematic reviews, or RCTs with a 
high risk of bias

High-quality systematic reviews of case–control 
studies or cohort studies

Well-conducted case–control studies or cohort 
studies with a low risk of confounding or bias and 
moderate probability that the relationship is causal

Case–control studies or cohort studies with a high 
risk of confounding or bias and a significant risk that 
the relationship is not causal

Non-analytic studies, e.g., case reports, case series

Expert opinion

Studies

● Intervention: (26, 27, 30)

● Epidemiological study: (15)
● One-time physical effort: (11)

● Surveys: (1, 3–6, 12, 13, 16, 17, 20)
● Combined cross-section: (8, 7, 21, e12)
● One-time physical activity: (2, 9, 10, 14, 22, 23)
● Interventions: (29, 31–33, 38, 39, 40)

● Surveys: (28, e13); interviews: (18, 19) 
● One-time physical activity: (24, 25)
● Case studies: (34–37)
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fibers (e14). Without exception, all studies included 
in this investigation demonstrated a positive effect for 
physical activity on various aspects of comorbidity 
and quality of life. Despite their low methodological 
quality, the absence of a negative effect in these 
studies demonstrates the relevance of exercise in this 
context (studies with evidence levels 1−, 2−, 3).

The occurrence of isolated cases—as well as sub-
jective reports made by patients—suggests that sports 
may induce seizures or worsen seizures in general. 
Potential pathophysiological mechanisms could be 
linked to, e.g., hyperventilation-induced hypercapnia 
or a rise in body temperature, although systematic 
 investigations on this mechanism are still lacking.

When providing individual counseling on safety 
during sports activity, one can use clearance to drive a 
motor vehicle as an approximate guide. As in the 
 assessment of fitness to drive, one should take the 
 following factors into consideration when recom-
mending a particular activity and intensity (for 
example, running or cycling) (e7):
● Type of sport
● Likelihood of a seizure
● Seizure triggers (for example, strenuous activity)
● Type and severity of seizures
● Usual timing of seizures
● Individual attitude.
In case of doubt, types of sport that carry no sig-

nificant risk, such as team sports, dancing, and golf, 
can be recommended for all patients with epilepsy. An 
individual risk assessment should always be carried 
out for moderate-risk types of sport such as alpine 
skiing, gymnastics, and swimming, as well as high-
risk sports such as climbing, motor sports, and surfing 
(e7). The same applies to cycling, since here—in 
contrast to driving motorized vehicles (including 
e-bikes)—neither a clear legal basis nor guidelines 
are available for guidance. With cycling, however, 
there is a significant risk of injury, given that the cyc-
list is exposed in a virtually unprotected manner; 
therefore, patients with epilepsy should only be 
allowed to return to cycling following a critical 
 consideration of their status.

As a general rule, clearance to engage in sports in 
or on water in epilepsy requires special evaluation 
due to the risk of peri-ictal drowning. Here again, in-
dividual decisions need to be made on the basis of the 
described factors. Having said that, Ryan and 
 Dowling showed that, of 482 deaths from drowning 
among patients with epilepsy, only 25 cases were di-
rectly related to seizures (e15). Nevertheless, caution 
is generally advised in water sports. Tools that may be 
helpful in the assessment of individual risk include 
additional investigations such as stress EEG, although 
there are currently no diagnostic data available to 
guide clinical decision making. In general, however, 
the overall risk of injury in patients with epilepsy 
does not appear to be higher compared to healthy 
 individuals (e5, e15)—indeed, sports-related injuries 
occur less frequently in epilepsy patients (e5).
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Conclusion
There is no rationale to support a general ban on sports 
for patients with epilepsy. As a general rule, an individ-
ual risk assessment should be performed for each par-
ticular case. However, it is possible to find a type of 
sport with a favorable risk profile for the vast majority 
of patients. In this context, epilepsy rehabilitation 
sports groups could also offer an entry point. Despite 
the scant number of studies to date and the hetero -
geneity of their results, there is rather evidence to 
 support the assumption that sport activity does not lead 
to an increase in seizures, but—if it has any effect at 
all—results in a reduction in the number of seizures.
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the clinical situation of the patient, but also the risk profile of the respective sport.
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Results in Detail
Physical activity in patients with epilepsy
Elliott et al. (1) showed, on the basis of a survey of 5506 individuals (epilepsy group [EG] 
n = 97, healthy control group [hCG] n = 5409) using the Ohio Behavioral Risk Factor Surveil-
lance System, that 58.1% of patients with epilepsy and 76.1% of healthy controls had been 
physically active in the preceding months. Similarly, the investigation by Vancini et al. (2) 
showed the activity level in leisure time to be 14.8% higher in the hCG (n = 19) compared to 
the patient group (n = 19).

Computer-assisted interviews carried out as part of the Canadian Community Health Sur-
vey with 2555 patients with epilepsy and 400 055 controls revealed that 58.3% of patients 
and 49.7% of the general population were physically inactive (3).

A comparison between healthy individuals in the Norwegian population (n = 2336) and 
patients with epilepsy (n = 204) showed a significant difference, with a larger proportion of 
inactive individuals found in the EG (p <0.005) (6).

Ogwumike et al. (4) surveyed 60 children with epilepsy and 60 healthy children. A com-
parison of their activity levels yielded a significant difference between groups (Chi2 test, 
p = 0.032). The majority of children in both groups were moderately active (EG n = 46; 
hCG n = 49), whereas the percentage of less active children in the EG was higher (n = 12 
versus n = 4) and the percentage of highly active children in this group was lower (n = 2 
 versus n = 9).

Wong et al. (5) surveyed 79 children with epilepsy, without motor or sensory impair-
ments, as well as 99 healthy siblings and their parents. Children with epilepsy were less 
physically active in terms of general sports habits and group sports activities compared to 
their siblings.

Three survey-based studies that compared patients and healthy subjects (n = 31, n = 31 
[12]; n = 341, n = 53 210 [13]; n = 38, n = 20 [14]) found no difference between groups in 
terms of activity habits. 

Physical fitness was also lower in EGs compared to hCGs (7–9). The study conducted by 
Yerdelen et al. (10) found significant differences in terms of increased heart rate recovery 
(after 1 min p = 0.001, after 3 min p = 0.027) and lower maximum blood pressure 
(p = 0.036) between patient group and control group. In addition, Fialho et al. (2017) (11) 
found differences in reactions to a maximal treadmill test for the following parameters: 
● Maximum heart rate
● Duration of exercise
● Metabolic equivalent (energy consumption)
● Distance covered on the treadmill
● Duke score (treadmill score to predict prognosis in coronary heart disease) (lower risk

scores in the hCG) and
● Chronotropic incompetence (more frequent in the EG).
An epidemiological study conducted by Nyberg et al. (15) on 1 173 079 male conscripts

over a follow-up period of 40 years yielded the observation that low and moderate cardio -
vascular fitness early in life (at age 18) could potentially be associated with epilepsy in later 
life (hazard ratio 1.79; 95% confidence interval [CI]: [1.57; 2.03]/adjusted for calendar year, 
body mass index, region, test center, parental education: hazard ratio: 1.36; 95% CI: [1.27; 
1.45]/absolute values were not reported).

Comorbidities and physical activity
In a study conducted by Vancini et al. (9), 20 patients with temporal lobe epilepsy (TLE) and 
20 control subjects underwent one-time maximal incremental testing. The authors reported a 
significant negative correlation (p = 0.0460, r = −0.31) between the domain tension/anxiety 
(significantly higher scores in the EG: p = 0.0223), profile of mood states evaluation, and 
maximum oxygen uptake (VO2max) (significantly lower in the EG: p = 0.0361).

De Lima et al. (12) investigated 31 individuals with epilepsy (generalized tonic-clonic 
seizures [GTC] n = 13, focal aware seizures [FAS] n = 10, focal impaired awareness 
 seizures [FIAS] n = 8) and 31 control subjects. Correlation analysis showed a significant as-
sociation between the overall score in the Beck Depression Inventory (BDI) and physical 
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activity in leisure time (p <0.005, r = −0.35), as well as between anxiety levels in the 
 State-Trait Anxiety Inventory and activity in leisure time (p <0.015, r = −0.30). There were 
no differences between the groups in terms of leisure activities. Significant differences be-
tween the groups, with higher scores in the EG in each case, were registered not only for the 
Beck Depression Inventory (p = 0.02), but also for state anxiety (p = 0.01) and anxiety level 
(p = 0.02) in the State-Trait Anxiety Inventory.

A comparison of active and inactive patients with epilepsy (n = 178) (TLE: n = 105, 
frontal lobe epilepsy = 13, occipital lobe epilepsy n = 8, parietal lobe epilepsy n = 22, gen-
eralized epilepsy [genEpi] n = 30) revealed that inactive individuals have higher levels of 
anxiety and are more susceptible to depression (17). Roth et al. (16) also reported an associ-
ation between regular physical activity and BDI scores (p <0.01, r = −0.23). A total of 133 
patients with epilepsy (n = 93 = inactive, n = 40 = active) were investigated. Inactive pa-
tients had significantly higher BDI scores (p = 0.01). Furthermore, Volpato et al.’s results 
show that active compared to inactive patients have a higher quality of life (p = 0.04) (World 
Health Organization Quality of Life instrument [WHOQOL-BREF]) (14).

In two interview-based studies, four (19) and eleven (18) patients with epilepsy were in-
terviewed. In summary, the statements made by the respondents show that sport enhances 
quality of life (19) and has a positive effect on physical and mental health (18).

Ogwumike et al. (4) demonstrated a significant correlation between activity levels and 
health-related quality of life in 60 children with and 60 children without epilepsy. This was 
determined in the EG for the areas physical function (p = 0.001, r = 0.428), social problems 
(p = 0.002, r = 0.397), and school performance (p = 0.005, r = 0.359). The overall scores for 
psychosocial health (p = 0.002, r = 0.391) and pediatric quality of life inventory (PedsQL) 
(p = 0.001, r = 0.421) were also recorded. The groups differed significantly in terms of ac-
tivity levels (p = 0.032) and in five of six areas (not emotions) also in terms of health-related 
quality of life.

Whitney et al. (e12) found no association between the daily number of steps and the fac-
tors quality of life, enjoyment of physical activity, athletic skills, self esteem, depression, 
and stress in eight children with epilepsy and their parents (focal epilepsy [focEpi] n = 5, 
 genEpi n = 3). On the basis of (unadjusted) linear regression, Hfele et al. (20) showed a sig-
nificant negative association between physical activity and depression (p = 0.046), state of 
anxiety (p = 0.014), and trait of anxiety (p = 0.015), as well as a positive association with 
quality of life (p <0.001) in 101 individuals with epilepsy. Rauchenzauner et al. (21) found a 
significant link between the 6-min walk test and mental wellbeing in children with epilepsy 
(n = 48) (p = 0.014, r = 0.406), but not in the hCG.

Contant et al. (33) held a Kempo karate program over 10 weeks with nine children with 
epilepsy (FAIS n = 5, GTC n = 2, absence epilepsy n = 2). Based on the parent question-
naire, a positive, but not significant, trend was seen in all health-related domains of the 
Quality of Life in Childhood Epilepsy questionnaire. Furthermore, the research group led by 
Eom et al. conducted two studies (38, 39), each with 10 children with benign epilepsy and 
centrotemporal spikes; the children took part in a program consisting of activities such as 
basketball, table tennis, and a parent–child dance, twice weekly over 5 weeks combined 
with home-based exercises (38), as well as in a further program once weekly over 5 weeks, 
followed by 30-week home-based exercises (39). Psychological functioning in the area of 
emotional and psychosocial adjustment were improved following the shorter intervention 
(38) and in neurocognitive function and quality of life following the longer intervention 
(39).

A 15-week exercise program (warm-up, aerobic dancing, cool down, stretching, strength 
training, and relaxation) with 15 women (dropout n = 1) (focEpi n = 12, genEpi n = 3) was 
unable to achieve a significant change in psychological/social difficulties, anxiety, depres -
sion, and locus of control. However, overall health complaints, as determined using the 
Ursin Health Inventory, were significantly reduced (ANOVA: F = 9.61, df 2.24, p = 0.0008) 
(29). In another study, 18 patients (GTC n = 12, myoclonic seizures n = 3, FAIS n = 5, ab-
sence seizures n = 1) were assigned to either Acceptance and Commitment Therapy (ACT, a 
form of psychotherapy) or a yoga intervention, with both groups receiving treatment over a 
5-week period. Quality of life was measured using two questionnaires: the Satisfaction with 
Life Scale (SWLS) and WHOQOL-BREF. A significant improvement was seen following 
the intervention in quality of life in both groups as measured by one of the two quality-of-
life instruments (ACT WHOQOL-BREF p <0.01; yoga SWLS p <0.05) (26). A 12-week 
 intervention consisting of a combination of cardiovascular and strength training achieved an
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improvement in mood and quality of life in a sample of 23 patients (GTC, FAIS, FAS; 
 randomized to an exercise group [EG] and an exercise control group [eCG]) in the EG (30).

Seizure frequency
In a survey of 207 patients with epilepsy, 11% reported experiencing seizures in over 10% of 
the training sessions they took part in, while 36% reported better seizure control through 
 regular exercise and 11% worse control. A total of 53% had never experienced activity-induced 
seizures (6). In another study, 36 of 136 surveyed patients with epilepsy reported that they had 
experienced seizures during sports (8), as did 56.3% of 193 respondents in another 
 questionnaire-based study (28).

Four case studies described altogether 17 patients who experienced seizures during physi-
cal exertion (34–37). The seizures occurred during particular types of activity (running/
walking n = 5 ; cycling n = 6; netball n = 1; line dancing n = 1; weightlifting n = 1; martial 
arts n = 1; swimming n = 1) or at certain intensities (strenuous n = 8; light n = 1). Respon-
dents comprised children, adults, and senior citizens.

In two studies, no seizures occurred in 17 TLE patients (23) nor in 12 patients with juven-
ile myoclonic epilepsy (22) during and following one-time strenuous physical effort. In a 
further study, Vancini et al. (2) reported a drop in the number of epileptiform discharges 
 during exertion (0.18 ± 0.10 discharges/min) and in the recovery phase (0.26 ± 0.12/min) 
compared to measurements at rest (1.0 ± 0.5/min) on average for all 19 TLE patients inves-
tigated. The number of discharges between resting and exertion fell by 82% and by 74% 
 between resting and recovery. Nakken et al. (25) made similar findings in the context of ex-
ercise in children (n = 26) (symptomatic focEpi n = 7; rolandic epilepsy n = 1; cryptogenic 
focEpi n = 8; idiopathic genEpi n = 9; Lennox-Gastaut syndrome n = 1). None of the 
 patients experienced seizures during the test. Focal epileptiform discharges decreased in 20 
patients during exercise and a rebound increase was seen in 17 patients following exercise.

Esquivel et al. (24) performed a one-time physical exercise test in children with absence 
epilepsy (n = 12). Seizures occurred during rest (n = 6; average number of absences: 
1.3/child for the whole group), during physical exercise (n = 3; number: 0.6/child), in the re-
covery phase (n = 5; number: 3.2/child), and in the hyperventilation phase (n = 9; number: 
2.1/child). However, the children with a high number of seizures during the test also had a 
high frequency of daily seizures.

A survey of 79 children with epilepsy revealed a trend in terms of an association between 
a higher seizure frequency and lower physical activity (5). Denio et al. (e13) showed a sig-
nificant association between higher physical activity and lower seizure frequency 
(Chi2 = 16.457, df = 3, p <0.05).

A total of seven interventional studies investigated the effect of exercise or sports on 
 seizure frequency. A short-term ACT (n = 10; p <0.01) or yoga intervention (n = 8; p <0.01) 
significantly reduced the seizure index (seizure frequency × seizure duration). Due to pre-
test differences, change scores were calculated, revealing a stronger change in the ACT 
group (26).

A yoga intervention (n = 18: genEpi n = 3, focEpi n = 15) also produced a significant 
 reduction in seizures (p <0.001; pre- = 7.2 ± 1.31, post- = 5.7 ± 0.91). No change was ob-
served in the eCG (sitting and simple physical exercises) (n = 16: genEpi n = 3, focEpi 
n = 13) (27).

During combined training with 14 women (dropout n = 1) (focEpi n = 12, genEpi n = 3), 
seven subjects experienced a total of 27 seizures during the 30 training sessions. The re-
maining seven subjects experienced no seizures. The majority of seizures occurred during 
aerobic dancing or cool down. A comparison of seizure frequency before and after the inter-
vention revealed that the weekly frequency declined in 10 patients and rose in four. A medi-
an for seizures per week was calculated for 13 patients, with a decline from 2.9 (prior to the 
intervention) to 1.7 (during the intervention) (29).

A 10-week Kempo karate program with nine children with epilepsy (FAIS n = 5, GTC 
n = 2, absences n = 2) failed to affect seizure frequency (33).

Following a 12-week combined strength and endurance exercise program with 14 sub-
jects (GCT FIAS, FAS) and an eCG (n = 9; GCT, FAIS, FAS), 10 patients in the exercise 
group, as well as six in the eCG, were and remained seizure-free. Of the four patients with 
active epilepsy in the exercise group (eCG n = 4), seizure frequency remained unchanged in 
two subjects (eCG n = 2), rose in one subject (eCG n = 1), and declined in the other subject 
(eCG n = 1). No subjects experienced seizures during exercise (30).
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Kim et al. (2015) reported seizures in only 11 (FAIS n = 9, epileptic aura n = 1, 
 myoclonic seizure development to GTC n = 1) of 350 patients while riding an exercise bike 
(minimum of 1 h training/day). Seven of the 11 subjects experienced one seizure while rid-
ing the exercise bike, two subjects experienced two seizures, and two subjects four seizures 
(32).

Another 4-week training program, consisting of a variety of activities such as, e.g., 
 jogging, volleyball, and horse riding, was conducted with 21 epilepsy patients (genEPi 
n = 6, focEPI n = 15). Two thirds of patients had more seizures in the 4 inactive weeks dur-
ing their stay at the epilepsy center, while a third had more seizures in the 4 weeks during 
training. The majority of seizures during the training phase occurred at rest. Of the 21 pa-
tients, 15 had no seizures during training. No predominance was observed for an epilepsy 
syndrome or type of seizure, nor was an association between the type of activity or pulse 
rate seen in the six subjects that experienced 2–30% of the seizures during the training 
 period (31).

As part of another intervention, quantitative EEG changes were investigated in eight 
children with benign epilepsy and centrotemporal spikes before and after a 5-week interven-
tion comprising basketball and table tennis, as well as a parent–child dance combined with 
home-based exercises. Increased cortical power in the right temporal regions for the alpha 
band were observed following the intervention (40).
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eTABLE 1a

Methodological quality assessment of the interventional studies according to the risk-of-bias principle

Color coding:  No risk = zero points
 Unclear risk = one point
 High risk = one point

Study (year) 

Contant et al. (2008) (33)

Eom et al. (2014) (38)

Eom et al. (2016) (39)

Kim et al. (2015) (32)

Koirala et al. (2017) (40)

Eriksen et al. (1994) (29)

Lundgren et al. (2008) (26)

McAuley et al. (2001) (30)

Nakken et al. (1990) (31)

Sathyaprabha et al. (2008) (27)
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eTABLE 1b

Methodological quality assessment of the survey-based studies, combined cross-sectional studies, 
and studies on one-time physical effort based on Hammer et al. (2009) (e10)

Color coding:  No risk = zero points
 Unclear risk = one point
 High risk = one point

Study (year)

Ablah et al. (2009) (28)

de Lima et al. (2013) (12)

Denio et al. (1989) (e13) 

Elliott et al. (2008) (1)

Gordon et al. (2010) (13)

Häfele et al. (2017) (20)

Han et al. (2011) (17)

Hinnell et al. (2010) (3) 

Nakken (1999) (6)

Ogwumike et al. (2016) (4)

Roth et al. (1994) (16)

Wong et al. (2006) (5)

Jalava et al. (1997) (7)

Rauchenzauner et al. (2017) (21)

Steinhoff et al. (1996) (8)

Whitney et al. (2013) (e12)

Camilo et al. (2009) (23)

de Lima et al. (2011) (22)

Esquivel et al. (1991) (24)

Fialho et al. (2017) (11)

Nakken et al. (1997) (25)

Vancini et al. (2010) (2)

Vancini et al. (2015) (9)

Volpato et al. (2017) (14)

Yerdelen et al. (2012) (10) 
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a b s t r a c t

People with epilepsy (PWE) are less fit and have an increased risk of sudden cardiac death. Imbalances

within the autonomic nervous system (ANS) are believed to mediate some of those effects. However,

results are mostly derived from patients whose seizures are refractory to medical therapy. In this study,

an exhaustive bicycle ergometer test was delivered to 25 PWE (19 seizure free in the last 6 months)

recruited in a community-based setting and 25 age-, sex-, and BMI-matched healthy controls. During

the exercise test a 12-channel ECG was recorded and spirometry was carried out to determine the max-

imal oxygen uptake (VO2peak) as the gold standard to assess fitness. Before and after exercise, heart rate

variability (HRV) and electrodermal activity (EDA) were measured along with an electroencephalogram

(EEG). Blood samples were collected to determine anti-seizure drug (ASD) serum levels and physical

activity of daily living was evaluated via the International Physical Activity Questionnaire (IPAQ).

People with epilepsy and healthy controls were similarly fit and physically active. However, PWE had

a lower maximum heart rate, a lower heart rate reserve, and a lower chronotropic index. The ratio

between low- to high-frequency HRV changes (LF/HF ratio) was lower in PWE. Two patients with idio-

pathic genetic epilepsies revealed generalized interictal epileptiform discharges only after, but not before

exercise. However, post-exercise EEG measurement was three times longer than pre-exercise and those

patients did not report exercise induced seizures in the history. Besides epileptogenesis, anti-seizure

medications may also contribute to those autonomic differences.

� 2022 Published by Elsevier Inc.

1. Introduction

People with epilepsy (PWE) are described to be less physically

active and fit compared to healthy people [1]. Additionally, under

physical exhaustion they do not only reveal a lower maximum

heart rate (HR) and chronotropic incompetence, but also signs for

an increased risk of sudden cardiac death [2]. However, these

results are mostly derived from patients with refractory epilepsy

[2–4], although these may only account for approximately 30% of

all PWE [5]. Whether reduced fitness and physical activity affects

all PWE and contributes to a potentially worse health status is

not clear.

Chronotropic incompetence and a reduced performance on

treadmill testing in people with temporal lobe epilepsy might even

be associated with an increased risk of sudden cardiac death [2].

Regulation of HR and subsequently the development of chronotro-

pic responses are regulated by the autonomic nervous system

(ANS) [6]. Since PWE often suffer from (ictal [7,8] and interictal

[9,10]) dysautonomia, with imbalance between sympathetic and

parasympathetic activity within the ANS [7,11], it might be

assumed that epileptogenicity could disturb central ANS regulation

[7].

Consequently, exercise testing might be a possibility to investi-

gate autonomic regulation in PWE, because cardiac and other organ

responses to physical activity are modulated by the ANS [12].

The aim of this study was to investigate cardiac autonomic

responses to exercise and fitness levels of a representative sample

of PWE with respect to seizure control, undergoing an exhaustive

standardized bicycle ergometer test. Additionally, association of

physical exhaustion and seizures as well as clinical EEG abnormal-

ities were investigated.

2. Material and methods

2.1. Subjects

The study was conducted between July 2018 and December

2021 and in accordance with the Declaration of Helsinki. Study

https://doi.org/10.1016/j.yebeh.2022.108869
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protocol and informed consent were approved by the ethics com-

mittee of the Westfalian Medical Board. Written informed consent

to participate in the study was obtained by each participant before

enrollment. Prior to the start of the study, the trail was registered

at the German Clinical Trails Register (DRKS00014822). Partici-

pants were recruited via pharmacies, physicians, local hospitals,

and direct communication.

Patients with all types of epilepsy and healthy adults without

seizure history between 18 and 60 years were included. Exclusion

criteria were physical impairments that limit the conduction of an

exercise test on bicycle ergometer, acute infections, severe heart

diseases (ischemic or structural), and moderate to severe hyper-

tension. Participants were interviewed via phone to assess eligibil-

ity. Healthy adults were then matched with patients according to

age, sex, and body mass index (BMI).

The individual physical activity level was assessed by the Inter-

national Physical Activity Questionnaire (IPAQ). Blood samples of

PWE were obtained to determine anti-seizure drug (ASD) serum

levels at the time of exercise.

2.2. Incremental exercise test

The exhaustive exercise test was performed on a bicycle

ergometer (Excalibur, Lode) using a standardized protocol starting

with a warm-up for 2 min at 24 W, followed by an increment of 12

W per minute until complete subjective exhaustion. After individ-

ual exhaustion, participants cooled down at 24 W for 2 min. Revo-

lutions per minute (rpm) were as follows: 50–60 rpm at 24–60 W,

60–70 rpm at 60–100 W, and 70–90 rpm at >100 W. During exer-

cise test, 12-lead ECG (Custo cardio 100 BT, Custo Med) was

recoded. Blood pressure was discontinuously manually measured

along with the rate of perceived exhaustion. During the exercise

test, spirometry (Metalyzer 3B, Cortex) was carried out. After exer-

cise test, individual exhaustion was tested based on ventilatory,

metabolic, cardiovascular, and performance criteria.

2.3. Resting state measures

Before and after exercise testing, a resting state measurement in

supine position in a darkened room was conducted. Post-exercise

recordings started about 10 min (655.4 ± 98.8 s) after the end of

the cool down period on bicycle ergometer. Autonomic parameters

were derived of five-min recordings of a 1-lead ECG (Brain Prod-

ucts GmbH) and a Galvanic Skin Response Module (GSR, Brain

Products GmbH), which was placed on the index and middle finger

of the non-dominant hand. Before and after exercise, a clinical

electroencephalography (EEG) (actiCHamp, 24 electrode record-

ings clinically analyzed (10–20 system), Brain Products GmbH)

was obtained. Impedance was kept below 25 kX and data were

sampled at 1000 Hz. Ground electrode was FPz and reference elec-

trode FCz.

2.4. Parameters and analysis

Sympathetic autonomic activity was investigated by electroder-

mal activity (EDA) and measured by the GSR Module. Signal was

down sampled to 250 Hz, a moving average (window size 91

points) applied (BrainVision Analyzer 2.1.2 (Brain Products

GmbH)) and meanEDA calculated.

Heart rate variability (HRV) parameters were measured by 1-

lead ECG. R-peak detection was conducted in BrainVision Analyzer

2.1.2 (Brain Products GmbH). RR-Intervals were exported to Kubios
� HRV Standard 3.1.0. Data were checked for artifacts using

threshold-based artifact correction algorithm in Kubios�. Medium

threshold was applied [13] and used if artifacts were detected.

Kubios� was also subsequently used to calculate HRV indices. Root

mean square of the successive differences (RMSSD) and high-

frequency (HF) power were calculated as parameters of the

parasympathetic branch of the ANS. Low-frequency (LF) power,

LF/HF ratio, and HR were analyzed indicating both sympathetic

and parasympathetic activities.

Resting EEG was interpreted by a board-certified epileptologist

(CR) who was blinded for clinical information of each recording.

BrainVision Analyzer (Version 2.1.2, Brain Products GmbH) was

used for EEG inspection. 10 min pre-exercise and 32 min post-

exercise were recorded and analyzed. Data were down sampled

to 250 Hz and a Zero Phase Shift Butterworth Filter (low cutoff at

1 Hz, high cutoff at 60 Hz) as well as a notch filter (50 Hz) were

applied.

Maximum HR, recovery HR, relative VO2peak (ml/min/kg), peak

systolic blood pressure, maximum Watt/kg, duration of exercise,

maximum rate of perceived exhaustion (RPE), maximummetabolic

equivalent of task (MET), chronotropic index, heart rate reserve,

and double product were determined to assess effects of the exer-

cise intervention. Chronotropic indices ((peak heart rate � rest

heart rate)/(208 � (0.7 * age) � rest heart rate) or (peak heart

rate � rest heart rate)/(220 � age � rest heart rate)) were calcu-

lated following Fialho et al. [2] using Tanaka’s [14] as well as Kar-

vonen’s formula [15] for age predicted HR calculation.

2.5. Statistical analysis

Shapiro–Wilk was used to test for normality of data distribution

and Levene-Test for equal variances. Student t-tests for indepen-

dent means were used for inter-group differences. Intra-group dif-

ferences were assessed by Student t-tests for dependent means. If

requirements for parametric tests were not fulfilled, Mann–

Whitney-U test or Wilcoxon rank-sum test were calculated. Effect

sizes were assessed by Pearson’s correlation coefficient (r). For

meanEDA and RMSSD, changes from pre to post were calculated

by delta values (pre value – post value). For categorical variables,

Chi square test (2 � 2 contingency table/2 � 3 contingency table)

was used. If the expected frequency was <5, Fisher’s exact test

was used. Spearman’s correlation coefficient was calculated to

evaluate the relationship between ASD dosages or serum levels

and main parameters. Multiple linear regression was performed

to identify independent clinical predictors for fitness and perfor-

mance variables. The level of significance was determined as

<0.05. For statistical analysis IBM SPSS Statistics (Version

25.0.0.1) was used.

3. Results

3.1. Subjects

Twenty-five PWE and twenty-five healthy controls participated

in the study. Clinical characteristics of both groups are presented in

Table 1 and characterization of seizures and epilepsy in Table 2.

Anti-seizure drugs with dosages and serum levels are shown in

Table 3 and clinical EEG results in Table 5.

Both groups had a low incidence of hypertension, diabetes, dys-

lipidemia, family history of cardio-vascular diseases, and family

history of epilepsy. There was no group difference for active smok-

ing or active smoking in the past, but a significant difference

regarding alcohol use with a higher consumption in the control

group (p = 0.008). Additionally, there was no difference regarding

activity levels. Most participants in both groups were highly active.

The mean disease duration was 16.78 ± 18.1 years. Most of the

PWE suffered from generalized motor seizures (n = 14), 19 PWE

were seizure free in the last 6 months. Dosages and serum levels

of ASD were variable among patients. In total, patients took lamot-
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rigine (n = 13), levetiracetam (n = 5), valproic acid (n = 7), lacosa-

mide (n = 2), carbamazepine (n = 3), and ethosuximide (n = 1).

Eighteen patients were treated with monotherapy and five with

two ASDs, one patient received three ASDs and one patient was

not under medical treatment.

3.2. Fitness and performance data

There were no adverse events during, pre- or post-exercise in

both groups. All participants fulfilled criteria for metabolic and

subjective physical exhaustion (ventilatory, metabolic, cardiovas-

cular, and performance criteria). There were no group differences

in fitness and performance data (relative VO2peak, max Watt/kg,

maxMET, exercise duration, max systolic blood pressure) (Table 4).

Maximum HR (175.16 ± 13.44 vs 182.56 ± 14.75, p = 0.028,

r = 0.31), heart rate reserve (95.41 ± 14.09 vs 100.04 ± 9.46,

p = 0.039, r = 0.29) and chronotropic indices (Tanaka: 0.95 ± 0.12

vs 1.00 ± 0.09, p = 0.017, r = 0.33; Karvonen: 0.95 ± 0.14 vs

1.00 ± 0.09, p = 0.039, r = 0.29) differed significantly between

PWE and healthy controls.

3.3. Autonomic parameters

Results of autonomic parameters are presented in Table 4.

For RMSSD, no group differences were detected pre- and post-

exercise. However, RMSSD significantly decreased from pre to post

in both groups (epilepsy 63.54 ± 60.24 ms vs 18.33 ± 28.33 ms,

p = 0.001, r = 0.793; control 45.23 ± 30.87 ms vs 8.87 ± 6.50 ms,

p = 0.001, r = 0.869). No group difference for delta RMSSD values

was detected.

MeanEDA pre- and post-exercise did not differ between the

groups. For both groups, meanEDA increased significantly from

pre to post (epilepsy 1.43 ± 0.96 lS vs 3.40 ± 2.19 lS, p = 0.001,

r = 0,869; control 1.70 ± 1.04 lS vs 2.83 ± 1.62 lS, p = 0.001,

r = 0.766). No group difference for delta meanEDA values was

detected.

LF power (epilepsy 1632.12 ± 2920.05 ms2 vs 233.32 ± 669.58

ms2, p = 0.001, r = 0.874; control 754.28 ± 717.08 ms2 vs 90.88 ± 1

01.98 ms2, p = 0.001, r = 0.853) and HF power (epilepsy 2442.96 ±

3681.95 ms2 vs 266.08 ± 847.19 ms2, p = 0.001, r = 0.847; control

1100.88 ± 1360.95 ms2 vs 22.68 ± 27.55 ms2, p = 0.001,

r = 0.869) decreased significantly from pre- to post-exercise in both

groups. No group differences were detected.

LF/HF ratio increased significantly from pre to post in both

groups (epilepsy 1.63 ± 1.92 vs 5.29 ± 10.77, p = 0.014; r = 0.492;

control 1.23 ± 1.04 vs 6.45 ± 6.25, p = 0.001; r = 0.804), but the

increase in post-exercise was of a significantly larger magnitude

in control subjects (p = 0.045, r = 0.284).

3.4. Clinical–epidemiological modifiers

Since there was a considerably large group of patients on lam-

otrigine (n = 13), a correlation analysis with respect to autonomic,

fitness, and performance data was conducted for these thirteen

patients. No correlation between lamotrigine dosage or serum level

and autonomic, fitness or performance data was detected. How-

ever, a negative correlation between lamotrigine serum levels

and mean EDA levels post-exercise almost reached statistical sig-

nificance (p = 0.086, r = �0.495).

Multiple linear regression analysis (Table S2) revealed that nei-

ther seizure frequency nor generalized motor seizures were predic-

tors for relative VO2peak, max Watt/kg, max MET or exercise

duration.

3.5. Clinical EEG

Twenty-three PWE showed no clinical changes in EEG from pre-

to post-exercise. However, eight of these patients revealed similar

pathological findings before and after exercise (Table 5, Table S1).

Table 1

Clinical characteristics of epilepsy and control groups.

Variables Patients (n = 25) Controls (n = 25) p

Age 38.4 ± 12.1 37.48 ± 12.11 c 0.78

BMI 26.48 ± 4.68 27.05 ± 4.97 c 0.68

Sex f: 13; m: 12 f: 13; m: 12

Hypertension 3 0 b 0.23

Diabetes type 1 1 0 b 1.00

Dyslipedemia 1 2 b 1.00

Active smoking 3 2 b 1.00

Active smoking in the past 4 7 a 0.30

Alcohol use 15 23 a 0.008**

Family history CVD 11 10 a 0.774

Family history epilepsy 3 4 b 1.00

Physical activity level b 0.538

low 1 0

moderate 6 9

high 18 16

*p < 0.05.

**p < 0.01.

Age, BMI: mean ± standard deviation.

Further characteristics: n.

CVD = cardio-vascular disease, f = female, m = male.
a Chi squared test.
b Fisher‘s exact test.
c Student t-test.

Table 2

Characterization of seizures and epilepsy.

Variables Patients (n = 25)

Disease duration (yrs.) 16.78 ± 18.1

Age of disease onset (yrs.) 21.68 ± 14.44

Seizure type* (n)

generalized motor 14

generalized nonmotor 3

focal awareness impaired 4

focal aware 3

unknown type 4

Seizure frequency (last 6 months) (n)

seizure free 19

1–2 3

1 per month 1

1 per week 1

more than 1 per day 1

Last seizure of seizure-free patients (n = 181) (days) 2979.5 ± 3113.6

(min: 356; max: 9490)

Syndromal classification

temporal lobe epilepsy 2

idiopathic genetic epilepsies 7

juvenile absence epilepsy (2)

juvenile myoclonic epilepsy (1)

grand-mal epilepsy (3)

grand-mal epilepsy on awakening (1)

unknown 16

Etiology

traumatic brain injury 1

genetic 2

structural change, not otherwise specified 1

radiation induced 1

unknown 20

Number of ASD (n)

0 1

1 18

2 5

3 1

All data based on characterization of seizures and epilepsy questionnaire.

*Three patients indicated two types of seizures.

Disease duration, age of disease onset, last seizure of seizure-free patients:

mean ± standard deviation.
1 Missing data for one patient.
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Apparent changes from pre- to post-exercise were detected in two

patients. For both, there were no abnormalities in pre-exercise

EEGs, but after exercise one patient with juvenile myoclonic epi-

lepsy (JME) showed bursts of 3–4/s generalized spike-and-waves

during wakefulness and one patient with an undetermined idio-

pathic genetic epilepsy (IGE) revealed a single burst of generalized

spikes during sleep. None of these patients reported exercise

induced seizures. All findings as well as patient characteristics

are presented in the supplementary material in Table S1.

4. Discussion

Despite similar activity and fitness levels, PWE revealed a lower

maximum HR, heart rate reserve, and chronotropic response to

exercise when compared to age-, sex-, and BMI-matched healthy

control subjects. As expected, exercise induced significant sympa-

thetic increase (meanEDA) and parasympathetic decrease (RMSSD)

in both groups. Furthermore, LF/HF ratio, a presumed marker for

vagal-sympathetic effects [16], was significantly higher after exer-

cise in the control group. No clinical complications or seizures

occurred after maximal exhaustive exercise. However, two

patients with IGE revealed generalized interictal epileptiform dis-

charges (IED) after the exercise intervention, while the EEG before

exercise was unremarkable.

The investigated cohort of twenty-five PWE consists of nineteen

patients who were well-controlled (seizure free for more than

6 months) and six patients who did not achieve seizure freedom

despite medical treatment. It therefore differs from PWE in other

exercise-related studies, where mainly PWE whose seizures are

drug refractory were examined [4,17–19] and (if reported) epilepsy

onset und duration was longer than in our cohort [2]. With respect

to seizure freedom, however, PWE in our study, might rather be

representative for PWE in a community-based setting [5].

The IPAQ considers all physical activities of daily living like job-

related physical activity, transportation physical activity, house-

work, house maintenance, caring for family, recreation, sport, and

leisure time physical activity. Physical activity levels of daily living

in combination with VO2peak, as an objective metabolic measure

of fitness, reflect a comprehensive individual activity and fitness

profile. Previous studies detected a reduced fitness and activity

level of PWE [1], whereas others did not reveal differences

between patients and healthy controls [4,18,20]. The latter is in

line with the results of this study and might be explained by the

well-controlled epilepsy sample. Performance parameters like

maximum Watt/kg, maximum MET, and exercise duration of the

standardized exercise intervention were similar in PWE in compar-

ison to control subjects in this study, which is in contrast to Fialho

et al. [2].

Similar to Fialho et al. we found a significant group difference

with a lower maximum HR in the epilepsy group. Since fitness is

one of the main determinants of maximal HR [12], but in this study

both groups were similarly fit (based on relative VO2peak), other

mechanisms specific to PWE in response to cardiac control after

exercise might be the drivers for this effect. The decreased chron-

otropic response to exercise, measured by the chronotropic index,

in PWE might support this assumption. The chronotropic index

reflects the effect of fitness based on the maximum HR achieved

in the exercise test, resting heart rate, and age predicted heart rate.

Furthermore, the chronotropic index considers the proportion of

the used heart rate reserve in the exercise test. Since (interictal)

dysautonomia is a prominent feature in PWE [11,21] and specifi-

cally cardiac control might be affected by an epilepsy-associated

altered regulation [22], different cardiac responses to exercise

despite good fitness might indeed be related to epilepsy. So far,

those autonomic alterations have mainly been described for

patients with drug-resistant epilepsy, but the results of this study

reveal that autonomic alteration may also be present in patients

whose seizures are well controlled [23]. Therefore, it might be

important that continuous care for PWE should include cardiac

health, although the clinical significance of these findings still

has to be determined.

Low-frequency power of the HRV reflects both sympathetic and

parasympathetic ANS activity, whereas high-frequency power

expresses only parasympathetic activation [24]. The ratio of both

components is a presumed marker for vagal-sympathetic effects

[16] indicating parasympathetic and sympathetic activation within

a one organ system. According to the model presented by Shaffer

et al. [24], a high ratio may reflect sympathetic whereas a low ratio

signifies parasympathetic dominance. Both groups showed an

increase in LF/HF ratio post-exercise, indicating a sympathetic

dominance, which is expected after an exercise intervention and

also in line with increased meanEDA (as a purely sympathetic mar-

ker [25]) and decreased RMSSD (as a purely parasympathetic mar-

ker [26]) in both groups. Sympathetic dominance is also present

after exercise, as expected, in the epilepsy and control groups

[27]. PWE, however, exhibited a lower LF/HF ratio increase after

exercise in our study, but with a high standard deviation. The

Table 3

ASD daily dosage and serum level.

ASD Dosage (mg)

n Median Min Max 25% percentile 75% percentile

Lamotrigine 13 300 100 400 175 100

Levetiracetam 5 1500 1500 3000 1500 1500

Valproic acid 7 1500 600 2750 600 600

Lacosamide 2 400 200 600 200 200

Carbamazepine 3 600 400 800 400 400

Ethosuximide* 1 250 250 250

Serum level (mg/l) Time ASD intake and blood

sample (min)

Median Min Max 25% percentile 75% percentile Reference range Median Min Max

Lamotrigine 5.00 1.90 10.30 3.3 1.9 3–14 265 70 491

Levetiracetam 19.00 14.80 45.90 14.8 14.8 10–40 287 203 600

Valproic acid 58 30 102 30 62.5 40–100 370 100 1063

Lacosamide 8.05 0.60 15.5 0.6 0.6 1–10 297 105 491

Carbamazepine 7.2 3.6 9.3 3.6 3.6 4–12 360 100 502

* Serum level of ethosuximide was not determined.
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Table 4

Fitness, performance, and cardiac autonomic parameters.

Patients Controls p (ES)

mean SD mean SD

exercise

measurements

relative VO2peak (ml/min/kg) 31.87 9.14 33.74 7.71 a 0.438

(0.112)

max systolic blood pressure (mm/Hg) at

exercise

180.4 28.97 175.2 36.75 b0.915

(0.15)

max Watt/kg 2.73 0.84 3.00 0.70 a 0.238

(0.169)

exercise duration (s) 1053.20 318.59 1209.72 333.73 a 0.103

(0.223)

max MET 9.10 2.61 9.64 2.20 a 0.438

(0.112)

max heart rate reserve 95.41 14.09 100.04 9.46 b 0.039*

(0.292)

chronotropic Index (Tanaka) 0.95 0.12 1.00 0.09 b 0.017*

(0.336)

chronotropic Index (Karvonen) 0.95 0.14 1.00 0.09 b 0.039*

(0.292)

Double Product 31693.40 5992.82 31979.20 7111.93 b 0.399

(0.119)

max HR 175.16 13.44 182.56 14.75 b 0.028*

(0.310

HR recovery 150.87 13.48 155.43 13.18 a 0.233

(0.171)

resting state

measurements

HR pre 62.32 11.63 64.52 10.16 a 0.480

(0.102)

HR post 91.20 11.72 91.68 9.28 a 0.873

(0.023)

HR pre vs post P

(ES)

a 0.001**

(0.953)

a 0.001**

(0.927)

RMSSD pre (ms) 63.54 60.24 45.23 30.87 b 0.567

(0.080)

RMSSD post 18.33 28.33 8.87 6.50 b 0.352

(0.131)

RMSSD pre vs post P

(ES)

c 0.001**

(0.793)

c 0.001**

(0.869)

RMSSD delta 45.20 50.45 36.36 30.88 b 0.846

(0.027)

meanEDA pre (lS) 1.43 0.96 1. 70 1.04 b 0.308

(0.144)

meanEDA post 3.40 2.19 2.83 1.62 b 0.318

(0.141)

meanEDA pre vs

post

P

(ES)

c 0.001**

(0.869)

a 0.001**

(0.766)

meanEDA delta �1.969 1.87 �1.13 0.96 b 0.064

(0.262)

LF power pre (ms2) 1632.12 2920.05 754.28 717.08 b 0.580

(0.078)

LF power post 233.32 669.58 90.88 101.98 b 0.877

(0.021

LF power pre vs

post

P

(ES)

c 0.001**

(0.874)

c 0.001**

(0.853)

HF power pre (ms2) 2442.96 3681.95 1100.88 1360.95 b 0.423

(0.111)

HF power post 266.08 847.19 22.68 27.55 b 0.587

(0.076)

HF power pre vs

post

p

(ES)

c 0.001**

(0.847)

c 0.001**

(0.869)

LF/HF ratio pre 1.63 1.92 1.23 1.04 b 0.635

(0.067)

LF/HF ratio post 5.29 10.77 6.45 6.25 b 0.045*

(0.284)

LF/HF ratio pre vs

post

P

(ES)

c 0.014*

(0.492)

c 0.001**

(0.804)

*p < 0.05.

**p < 0.01.

pre = resting state measurement pre-exercise.

post = resting state measurement post-exercise.

Effect size (ES): Pearson’s correlation coefficient.

MET = metabolic equivalent of task; HR = heart rate; RMSSD = root mean square of the successive differences; meanEDA = mean electrodermal activity; LF = low frequency;

HF = high frequency, SD = standard deviation.
a t-Test.
b Mann–Whitney-U.
c Wilcoxon rank sum.
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lower ratio might be associated with epilepsy (or otherwise)

related reduced sympathetic drive or sympathetic exhaustion.

However, the lower maximum HR, lower heart rate reserve, and

lower chronotropic indices in PWE might also play a role here.

Influence of clinical characteristics of epilepsy like seizure fre-

quency and generalized motor seizures on fitness and performance

parameters were tested by linear multiple regression analysis. No

seizure-related predictors for these variables were found. These

findings are in contrast to Fialho et al. [2] but could again be

explained by the rather well-controlled sample in this study.

Besides epileptogenesis the described autonomic alterations in

response to exercise could also be caused by other clinical factors.

ASD and especially Na-channel blockers may affect autonomic and

especially cardiac responses [28]. In this study, a larger group of

PWE were taking lamotrigine, justifying a subgroup analysis. No

correlation between fitness or performance parameters and lamot-

rigine dosages or serum levels was detected, but higher lamotrig-

ine serum levels were almost statistically significantly associated

with less (sympathetic) electrodermal activation after exercise in

the PWE group. Due to small numbers, further ASD subgroup anal-

ysis was not performed, but especially the influence of lamotrigine

on autonomic parameters should be assessed in a larger sample in

the future. Studies on the impact of ASD or ASD withdrawal on HRV

support the assumption of at least a partial influence of medication

on autonomic alterations [29,30]. Furthermore, results from 24 h

HRV recordings show no difference between untreated PWE and

healthy matched controls [31]. In addition to ASD data, autonomic

alterations could also be influenced by age, sex, and circadian

rhythm [32]. Although, in this study, participants were matched

by age and sex.

The delivery of a completely exhaustive exercise intervention

was not associated with clinical problems in the epilepsy group.

No clinical adverse effects occurred to any of the patients, there-

fore, the exercise protocol was feasible for this group of patients.

Nevertheless, in clinical care and counseling on exercise, such set-

tings must involve the individual’s medical, epilepsy, and seizure

history. This is advised, although the proportion of patients in

whom physical activity triggers seizures is rather low [1,33]. Fur-

thermore, the results presented here might contribute to the effort

to counsel PWE in an encouraging way when it comes to engage-

ment in regular exercise to benefit from its positive effects [1,34].

Whether EEG in relation to a standardized exercise as a poten-

tial seizure inducing stimulus is of clinical value, may be assessed

by larger clinical trials. So far, only a few studies reported on the

utility of such an approach [35,36]. Generalized IEDs were found

after exercise only in two patients (with JME/IGE). However, it is

important to consider that the length of the resting state measure-

ments before (10 min) and after (32 min) exercise differed signifi-

cantly (as the study was not primarily designed for clinical EEG

analyses). A longer inspection window might increase the proba-

bility of detecting a pathological finding, especially in JME/IGE.

None of these patients reported exercise-induced seizures, in one

patient IEDs after exercise appeared during sleep, while sleep

was not recorded before exercise. Therefore, the clinical meaning

of this finding still remains unclear. Nevertheless, considering all

those limitations and the benign clinical course during exercise

as well as the lack of exercise-related seizures in the history of

patients, a clinical significance of those findings might not be

assumed.

Several limitations of this study have to be considered. As in

many previous studies, only a small number of PWE and healthy

controls were recruited which might impact fitness, performance,

and autonomic results. However, studies with smaller sample sizes

were able to show lower fitness in PWE compared to healthy con-

trols [19]. Additionally, the sample of PWE was heterogeneous

regarding seizure type, seizure frequency, and ASDs. Although,

we matched for age, the age span was quite large across the study

which could explain variance in some outcomes. The only statisti-

cally significant difference between the two groups was the con-

sumption of alcohol. Not surprisingly, PWE consume less alcohol

than healthy controls. However, since alcohol might impair auto-

nomic control, it is unlikely that this effect greatly contributed to

the presented results. No familiarization with the bicycle ergome-

ter before the exercise test was done. This might impact the perfor-

mance during the test [37,38]. Subjects participated in daily life

activities like walking, running, or cycling, but they were not famil-

iar with exercise tests on a bicycle ergometer. Nevertheless, in gen-

eral, exercise tests on a bicycle ergometers are well tolerated by

PWE [19], which is also revealed by our results since all subjects

achieved subjective and objective exhaustion without experienc-

ing adverse events. The bicycle ergometer was chosen in favor of

a treadmill because side effects like dizziness or stumbling, that

could cause injuries, are avoided which makes the testing safe

for inexperienced people. Furthermore and similar to previous

studies, a selection bias needs to be considered, because it might

be assumed that physically active PWE have a lower threshold to

volunteer for a study like this.

The results of this study indicate that PWE still reveal some-

what different cardiac-autonomic responses to a strong physical

stimulus despite being equally fit in comparison to matched con-

trol subjects. Exercise testing seems feasible for PWE. It could be

a possible tool to investigate ANS dysfunction in PWE and may

have the potential to guide assessing and prescribing exercise in

PWE. These findings may guide further investigations into how

sports and exercise might modify ANS alterations in PWE.
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Supplementary material 

Table S1 

Clinical characteristics of each patient 

patient age disease 

duration 

seizure type seizure 

frequency 

ASD 1 (dose[mg]) serum level 

ASD [mg/l] 

further 

medication 

clinical EEG pre-

exercise 

clinical EEG post-

exercise 

1 33 5 unknown seizure free lamotrigine (200) 3.1  normal  normal 

2 23 6 generalized 

motor 

seizure free lamotrigine (300) 7.6 l-thyroxine 

desogestrel 

normal normal 

3 45 40 generalized 

non-motor 

seizure free lamotrigine (175) 

valproic acid (1500) 

4.7 

60 

 normal normal 

4 35 3 generalized 

motor 

seizure free lamotrigine (150) 3.2  normal normal 

5 24 8 generalized 

motor 

seizure free levetiracetam (1500) 15.2  2x generalized 3/sec 

spike-wave complexes 

1x generalized 3/sec 

spike-wave complexes 

6 33 4 generalized 

motor 

seizure free lamotrigine (350) 6.3  normal normal 

7 48 35 generalized 

motor 

1 seizure 

per week 

lamotrigine (400) 10.3  normal normal 

8 55 55 generalized 

motor 

generalized 

non-motor 

seizure free valproic acid (2000) 

ethosuximide (250) 

102 

not 

determined 

naproxen normal normal 

9 41 40 unknown seizure free valproic acid (1000) 43  normal normal 

10 37 8 unknown seizure free lamotrigine (100) 3.3  normal normal 

11 48 2 focal 

impaired 

awareness 

seizure free levetiracetam (1500) 14.8  normal normal 

12 32 6 generalized 

motor 

seizure free levetiracetam (1500) 19  frequent spikes and 

sharp waves centro-

parieto-occipital right 

frequent spikes and 

sharp waves centro-

parieto-occipital right 



 

 

13 35 2 generalized 

motor 

1-2 seizures 

in the last 6 

months 

no medication   1x generalized 4-5/sec 

spike-and-waves 

generalized 

4x generalized 

polyspikes 

14 24 3 generalized 

motor 

1 seizure 

per month 

valproic acid (600) 38  normal 3x generalized 3-4/sec 

spike-and-waves 

generalized  

15 59 7 generalized 

motor 

seizure free valproic acid (1500) 65 atorvastatin 

candesartan 

hydrochloro

thiazide  

bisoprolol 

apixaban 

normal normal 

16 20 1 generalized seizure free levetiracetam (3000) 36 atomoxetine 6x generalized 4-5/sec 

spike-and-waves 

17x generalized 4-5/sec 

generalized spike-and-

waves 

17 49 48 generalized 

motor 

seizure free valproic acid (1000) 

carbamazepine (400) 

58 

3.6 

 

 normal normal 

18 49 40 focal 

impaired 

awareness 

seizure free carbamazepine (600) 7.2 

 

l-thyroxin  

iodine 

mild bifrontal slowing 

and mild left temporal 

slowing 

left >> right temporal 

mild focal slowing  

19 26 5 focal 

impaired 

awareness 

focal aware 

>1 seizure 

per day 

lacosamide (600) 15.5 mirtazapine mild focal slowing and 

breach rhythm left 

temporal 

mild focal slowing and 

breach rhythm left 

temporal 

20 27 3 focal aware  

visual aura 

1-2 seizures 

in the last 6 

months 

levetiracetam (3000) 

lamotrigine (150) 

45.9 

4.1 

 mild to moderate left 

parieto-occipital focal 

slowing 

mild to moderate left 

parieto-occipital focal 

slowing 

21 55 1.5 focal 

impaired 

awareness 

seizure free lamotrigine (300) 8.9  normal normal 

22 33 11 unknown seizure free lamotrigine (200) 5.0 iodine normal normal 



 

 

23 24 9 generalized 

non-motor 

seizure free lamotrigine (350) 1.9  normal normal 

24 56 52 generalized 

motor 

focal aware 

seizure free lamotrigine (400) 

carbamazepine (800) 

7.7 

9.3 

 

candesartan normal normal 

25 50 25 generalized 

motor 

1-2 seizures 

in the last 6 

months 

valproic acid (2750) 

lamotrigine (300) 

lacosamide (200) 

30 

7.3 

0.6 

 normal single burst of 

generalized spike and 

spike complex with left 

frontal maximum 

during sleep 
1 ASD = anti-seizure drug 

 

 

  



 

 

Table S2 

Multiple linear regression analysis 

dependent variable independent variable R R2 B coefficient (95% confidence interval) p 

relative VO2peak constant 

seizure-free 

generalized motor seizures 

0.289 0.083 35.7 (26.4 – 45.09) 

-5.7 (-14.8 – 3.3) 

0.9 (-6.8 – 8.6) 

0.001 

0.204 

0.807 

max Watt/kg constant 

seizure-free 

generalized motor seizures 

0.255 0.065 3.02 (2.1 – 3.8) 

-0.4 (-1.2 – 0.3) 

0.1 (-0.6 – 0.8) 

0.001 

0.284 

0.750 

max MET constant 

seizure-free 

generalized motor seizures 

0.289 0.083 10.2 (7.5 – 12.8) 

-1.6 (-4.2 – 0.9) 

0.264 (-1.9 – 2.4) 

0.001 

0.204 

0.807 

exercise duration constant 

seizure-free 

generalized motor seizures 

0.324 0.105 1097.8 (777.2 – 1418.5) 

-142.1 (-454.8 – 170.6) 

138.2 (-129.1 – 405.5) 

0.001 

0.356 

0.295 

MET = metabolic equivalent of task 
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Abstract
Ictal and interictal activity within the autonomic nervous system is characterized by a sympathetic overshoot in people 
with epilepsy. This autonomic dysfunction is assumed to be driven by alterations in the central autonomic network. In this 
study, exercise-induced changes of the interrelation of central and peripheral autonomic activity in patients with epilepsy 
was assessed. 21 patients with epilepsy (16 seizure-free), and 21 healthy matched controls performed an exhaustive bicycle 
ergometer test. Immediately before and after the exercise test, resting state electroencephalography measurements (Brain 
Products GmbH, 128-channel actiCHamp) of 5 min were carried out to investigate functional connectivity assessed by phase 
locking value in source space for whole brain, central autonomic network and visual network. Additionally, 1-lead ECG 
(Brain products GmbH) was performed to analyze parasympathetic (root mean square of successive differences (RMSSD) 
of the heart rate variability) and sympathetic activity (electrodermal activity (meanEDA)). MeanEDA increased (p < 0.001) 
and RMSSD decreased (p < 0.001) from pre to post-exercise in both groups. Correlation coefficients of meanEDA and 
central autonomic network functional connectivity differed significantly between the groups (p = 0.004) after exercise. Both 
patients with epilepsy and normal control subjects revealed the expected physiological peripheral autonomic responses to 
acute exhaustive exercise, but alterations of the correlation between central autonomic and peripheral sympathetic activity 
may indicate a different sympathetic reactivity after exercise in patients with epilepsy. The clinical relevance of this finding 
and its modulators (seizures, anti-seizure medication, etc.) still needs to be elucidated.

Keywords  Autonomic nervous system · Functional connectivity · Exhaustive exercise · Seizure-free · Epilepsy

Abbreviations
PWE	� Patients with epilepsy
ANS	� Autonomic nervous system
HRV	� Heart rate variability

RMSSD	� Root mean square of successive differences
EDA	� Electrodermal activity
PLV	� Phase locking value
EEG	� Electroencephalography
CAN	� Central autonomic network
VIS	� Visual network
ASD	� Anti-seizure drug

Introduction

Sympathetic activation and parasympathetic deactivation are 
typical responses of the autonomic nervous system (ANS) to 
exhaustive exercise. While these cardiovascular and ventila-
tory adaptations are mainly driven by the central autonomic 
network (CAN) (Fu and Levine 2013), peripherally obtained 
ANS parameters like heart rate variability (HRV) or elec-
trodermal activity (EDA) allow an objective assessment 
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of distinct sympathetic (EDA) and parasympathetic (root 
mean square of successive heart beat differences (RMSSD)) 
activity. Consequently, EDA increases (Posada-Quintero and 
Chon 2020) and RMSSD decreases during exercise (Shaffer 
et al. 2014).

In epilepsy, one of the most prevalent neurological dis-
eases (Fiest et al. 2017), sympathetic/parasympathetic bal-
ance within the ANS is shifted towards sympathetic acti-
vation (Chroni et al. 2009; Mativo et al. 2010; Poh et al. 
2012) both during and between seizures (Goit et al. 2016; 
Horinouchi et al. 2019; Lotufo et al. 2012; Poh et al. 2012; 
Sarkis et al. 2015; Vieluf et al. 2021). Although this change 
is most likely driven by CAN activation, data on direct CAN 
activity in relation to exercise is scarce. Epilepsy-induced 
centrally mediated dysautonomia, however, is well described 
in epilepsy and in its most severe form even associated with 
sudden explained death in epilepsy (SUDEP) (Devinsky 
2004). But studies investigating autonomic dysfunction in 
patients with epilepsy (PWE), are mostly performed on 
patients with therapy refractory epilepsy, the majority of 
PWE might be underrepresented in ANS research, since 
most PWE have well-controlled seizures (Kwan and Brodie 
2000).

As exercise tests have been shown to feasibly detect even 
subtle pathological changes of physiological responses 
within the cardiovascular system (Ashley et al. 2000; Mar-
cadet et al. 2018), it is used in this study to examine dif-
ferential ANS network activity in PWE. As peripheral ANS 
parameters after exercise do not differ between PWE and 
healthy control subjects, but in chronotropic competence in 
response to exercise (van den Bongard et al. 2022). There-
fore, no differences in EDA and RMSSD were expected 
between PWE and healthy controls, but it was hypothesized 
that CAN response and the interrelation between the CAN 
with peripheral ANS parameters after exhausting exercise 
might be altered in PWE.

Methods

This study was registered at the German Clinical Trail Reg-
ister (DRKS00014822) and was conducted in accordance 
with the Declaration of Helsinki. The study protocol and 
the informed consent, obtained by each participant before 
enrolment, were approved by the ethics committee of the 
Westfalian Medical Board. Recruitment and measurements 
took place between July 2018 and December 2021.

Recruitment and in- and exclusion criteria have been 
described elsewhere (van den Bongard et al. 2022). In brief, 
people with diagnosed epilepsy (all syndromes) and healthy 
controls, matched by age (18–60 years old), sex and Body 
Mass Index (BMI), without physical impairments, severe 
cardiovascular diseases or brain lesions were included.

Exercise test

All participants conducted an exhaustive exercise test on a 
bicycle ergometer (Excalibur, Lode), consisting of a 2-min 
warm up at 24 watts (W), an incremental load increase 
(12 W per minute) until exhaustion and a 2-min cool 
down at 24 W. Revolutions per minute (rpm) were based 
on the load (W): 50–60 rpm at 24–60 W, 60–70 rpm at 
60–100 W, 70–70 rpm at > 100 W. Spiroergometry (Meta-
lyzer 3B, Cortex) was carried out during the exercise test.

Measurements

5-min supine resting state measurements were conducted 
immediately before and after (start of the measurements 
658 ± 98.7 sec. post-exercise) the exhaustive exercise test 
in a relaxed, awake state with eyes closed, consisting of 
the recording of an electroencephalogram (EEG) and ANS 
parameters (RMSSD, meanEDA).

ANS recordings, analysis and outcomes

1-lead electrocardiogram (ECG) (Brain Products GmbH) 
and a Galvanic Skin Response Module (GSR) (Brain Prod-
ucts GmbH) were used to record ANS signals. Sampling 
frequency for both devices was at 1000 Hz. RMSSD, a 
parameter indicating parasympathetic activity of HRV as 
well as meanEDA indicating sympathetic activity were 
measured (Posada-Quintero and Chon 2020).

To calculate RMSSD, ECG was down sampled to 
250  Hz to reduce data points and a Zero Phase Shift 
Butterworth Filter (low cutoff 8  Hz, time constant[s] 
0.1591549, Order 4; high cutoff 20 Hz, Order 4) was 
applied to reduce noise (Fedotov 2016) (BrainVision 
Analyzer 2.1.2, Brain Products GmbH). ECG Marker 
solution, implemented in BrainVision Analyzer, was used 
for R-peak detection. RR-intervals of the 5-min record-
ing were calculated and exported to Kubios® (Kubios ® 
HRV Standard 3.1.0.). Threshold-based artifact correction 
with a medium threshold was used to detect and correct 
artifacts (Kaufmann et al. 2011). Based on the clean data, 
RMSSD was calculated over the 5-min window (Task 
Force of The European Society of Cardiology and The 
North American 1996).

For EDA recordings, two electrodes (GSR Module) 
were placed on the middle phalanges of the index and 
middle finger on the non-dominant hand. Data were down 
sampled to 250 Hz to reduce data points (BrainVision 
Analyzer 2.1.2, Brain Products GmbH). A moving average 
(window size 91 points) (Vieluf et al. 2019), implemented 
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as solution in the BrainVision Analyzer, was applied. Data 
were exported to Excel and meanEDA was calculated 
over the 5-min window. The size of analysis window was 
selected to match the HRV analysis window.

EEG recording, analysis and outcomes

A 128-channel EEG was used (actiCHamp, Brain Prod-
ucts GmbH). The EEG cap was placed on the head accord-
ing to the 10–10 system. The sampling rate was 1000 Hz. 
FPz (frontopolar midline electrode) was utilized as ground 
electrode and the reference electrode was FCz (frontocen-
tral midline electrode). Impedances were kept below 25 
kΩ. For preprocessing, data were down sampled to 250 Hz 
to reduce data points (van Diessen et al. 2015). Data sets 
were checked for electrode bridges by using the Matlab-
based eBridge Algorithm (Alschuler et al. 2014) and the 
magnitude-squared coherence in BrainVision Analyzer 
(BrainVision Analyzer 2.1.2, Brain Products GmbH). For 
the latter, coherences above 0.9 were defined as electrode 
bridges. Electrically bridged channels were interpolated 
by Topographic Interpolation by Spherical Splines when 
detected by both, Matlab-based eBridge Algorithm and 
magnitude-squared coherence (Goelz et al. 2021). After 
bridge check, a Zero Phase Shift Butterworth Filter with 
a low cutoff of 1 Hz (time constant [s]: 0.1591549, Order 
4) and a high cutoff of 30 Hz (Order 4) as well as a notch 
filter (50 Hz) were applied. Topographic Interpolation by 
Spherical Splines were used for noisy channels which were 
identified via visual inspection. An average reference was 
used (Zheng et al. 2018) and individual electrode positions, 
recorded by CapTrak (Brain Products GmbH), were loaded. 
Independent Component Analysis (ICA, infomax) was used 
for artifact correction (eye, ECG). After that, remaining arti-
facts were manually marked and the first 4 artifact free seg-
ments with a window size of 8.192 s per segment (Engels 
et al. 2015) were exported for further analysis to BrainStorm 
(Version: 3.220222) (Tadel et al. 2011). Segments were visu-
ally inspected and clinically evaluated by a board certified 
epileptologist (CR) prior to further connectivity analysis.

Matlab-based BrainStorm software (Version of March 
2021) was used for connectivity analysis. A default anatomy, 
Colin27 template was used (Rizkallah et al. 2020). Indi-
vidual EEG electrode positions obtained via CapTrak were 
used to warp the template to approximate the individual head 
shape. Subsequently, an identity matrix (no noise model-
ling) was used. The Boundary Element Method (BEM) was 
used to calculate the head model (Gramfort et al. 2010). 
If a dipole error appeared, dipoles were forced inside the 
skull (maximum number of forced dipoles 4). Source esti-
mation was done by minimum norm imaging. Functional 
connectivity was calculated by phase locking value (PLV) 
based on the Desikan-Killiany Atlas per segment. After that, 

connectivity matrices of all four segments were averaged 
(Samogin et al. 2020). The averaged connectivity matrix was 
exported for the alpha frequency band (8–12 Hz). MeanPLV 
was calculated over 68 regions of interest (ROI) for whole 
brain analysis and over 24 ROI of the CAN (Beissner et al. 
2013). The visual network (VIS, 7 ROI) was used as a ref-
erence network (Kabbara et al. 2017), because the visual 
system may not be strained or otherwise specifically affected 
by ergometry.

Statistics

Data were tested for normality by Shapiro–Wilk Test 
(p > 0.05) and for equal variances by Levene-Test (p > 0.05). 
Within-group differences were determined by Student’s 
t-test or Wilcoxon rank sum test. Between-group differences 
were assessed by Kruskal–Wallis test since requirements for 
parametric testing were not fulfilled, except for the relative 
VO2max, where a Student’s t-test was used. Effect sizes 
were assessed by Person’s correlation coefficient (r). Interre-
lations were determined by Spearman Rank correlation coef-
ficients. Differences between correlations coefficients were 
calculated by Fisher’s z-transformation (Ramseyer 1979). 
Partial correlation was used to assess the influence of con-
trol variables on correlations. The level of significance was 
determined as < 0.05. To control for multiple testing, Bon-
ferroni method was used (Lee and Lee 2018). However, due 
to the explorative nature of this pilot study, both corrected 
and uncorrected p-values were reported and no sample size 
calculation could be performed. For statistical analysis, IBM 
SPSS Statistics (Version 25.0.0.1) was used.

Results

Subjects

21 PWE (39 ± 11.6 yrs., BMI 26.7 ± 4.2, female n = 12, male 
n = 9) and 21 healthy matched controls (38.04 ± 11.5 yrs., 
BMI 27.1 ± 5.2, female n = 12, male = 9) participated in the 
study. No differences in clinical characteristics were detected 
except for alcohol use with a higher consumption in the con-
trol group (p = 0.01) (Table 1).

Mean duration of epilepsy was 18.83 ± 19.06  years 
(Table 2). PWE suffered from different types of seizures. 
Most of the patients were seizure-free for at least 6 months 
(n = 16). Three patients had 1–2 seizures per month, one 
patient had one seizure per month and one patient had one 
seizure per week. For seizure-free patients, mean time to 
the last seizure was 3145.3 ± 3264.7  days. 14 patients 
were under anti-seizure drug (ASD) monotherapy. Five 
patients took two ASD, one patient took three ASD and 
one patient was not under ASD medication (lamotrigine 
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(n = 12), levetiracetam (n = 4), valproic acid (n = 6), lacosa-
mide (n = 1), carbamazepine (n = 3), ethosuximide (n = 1)). 
Detailed information about dosages and serum levels can be 
found in Table S1.

Adverse events before, during or after the exhaustive 
exercise test were not observed in either group. Each par-
ticipant achieved individual exhaustion based on ventilatory, 
metabolic, cardiovascular and performance criteria. There 
was difference between epilepsy and control group regard-
ing cardiorespiratory fitness, assessed by relative VO2 max 
(31.04 ± 8.88 vs 33.42 ± 7.40, t = −0.949, df = 40, p = 0.348) 
(Table 3).

Functional connectivity

Before post hoc correction, whole brain PLV increased 
in both the epilepsy group (0.30 ± 0.09 vs. 0.32 ± 0.06) 
and control group (0.28 ± 0.04 vs. 0.30 ± 0.05, t = −3.061, 
df = 20, p = 0.006) from pre- to post-exercise. This rela-
tionship stayed significant after post hoc Bonferroni cor-
rection in the control group only. CAN PLV from pre- to 
post-exercise increased significantly in the control group 
only (0.31 ± 0.05 vs 0.33 ± 0.05, z = −2.173, p = 0.03), but 
significance did not stay after the correction for multiple 
comparisons.

No significant changes from pre- to post-exercise were 
observed for VIS PLV for either group and there were no 
group differences within the measurement time points for 
whole brain, CAN and VIS PLV (Table 3).

Peripheral autonomic responses

RMSSD decreased significantly from pre- to post-exercise 
in the epilepsy group (55.44 ± 53.84 vs. 13.54 ± 15.86, 
z = −5.277, p < 0.001) and in the control group 
(42.48 ± 30.22 vs. 8.79 ± 6.56, z = −3.980, p < 0.001). No 
between group differences pre- and post-exercise were 
detected (Table 3).

MeanEDA increased significantly from pre- to post-
exercise in the epilepsy group (1.36 ± 0.85 vs. 2.99 ± 1.35, 
z = −0.408, p < 0.001) as well as in the control group 
(1.68 ± 1.10 vs. 2.65 ± 1.68, z = −3.632, p < 0.001). No 
between group differences pre- and post-exercise were 
detected (Table 3).

Correlation analysis

After post hoc correction for multiple testing no significant 
correlations between CAN PLV or VIS PLV with meanEDA 
or RMSSD could be detected.

However, before correction for multiple compari-
sons, CAN PLV correlated significantly with meanEDA 

Table 1   Clinical characteristics of epilepsy and control group

a Chi squared test
b Fisher‘s exact test
c Students t-test
* p < 0.05
** p < 0.01
Age, BMI: mean ± standard deviation
Further characteristics: n
CVD = cardiovascular disease, f = female, m = male

Variables Patients (n = 21) Control (n = 21) p

Age (yrs.) 39 ± 11.6 38.04 ± 11.5 c0.791
BMI 26.7 ± 4.2 27.1 ± 5.2 c0.772
Sex f = 12; m = 9 f = 12; m = 9
Hypertension 2 0 b0.488
Diabetes type 1 1 0 b1.00
Dyslipidaemia 1 1 b1.00
Active smoking 3 1 b0.606
Active smoking in the 

past
4 6 a0.469

Alcohol use 12 19 a0.014*
Family history CVD 10 8 a0.533
Family history epilepsy 2 3 b1.00

Table 2   Characterization of seizures and epilepsy

* Three patients indicated two types of seizures 
Disease duration, age of disease onset, last seizure of seizure-free 
patients: mean ± standard deviation

Variables Patients (n = 21)

Disease duration (yrs.) 18.83 ± 19.06
Age of disease onset 20.19 ± 14.08
Seizure type*
Generalized motor
Generalized nonmotor
Focal awareness impaired
Focal aware
Unknown type

10
3
4
3
4

Seizure frequency (last 6 months)
Seizure free
1–2
1 per month
1 per week

16
3
1
1

Last seizure of seizure-free patients (n = 16) 
(days)

3145.3 ± 3264.7 
(min: 356; max: 
9490)

Number of ASD
0
1
2
3

1
14
5
1
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Table 3   Peripheral autonomic activity and functional connectivity before and after exercise

a t-Test
b Wilcoxon rank sum
c Kruskal Wallis test
* p < 0.05 (uncorrected)
** p < 0.01 (uncorrected)
1 Significant after post hoc Bonferroni correction
alpha 8–12 Hz
ES effect size, PLV phase locking value, CAN central autonomic network, VIS visual network, EDA electrodermal activity, RMSSD Root mean 
square of the successive differences

Patients (n = 21) Controls (n = 21)

Mean SD Mean SD p (ES (r))

RMSSD pre (ms) 55.44 53.84 42.48 30.22 c0.71
RMSSD post 13.54 15.86 8.79 6.56 c0.37

RMSSD
pre vs. post

p
ES (r)

b < 0.001**1

0.770
b < 0.001**1

0.868
meanEDA pre (µS) 1.36 0.85 1.68 1.10 c0.32
meanEDA post 2.99 1.35 2.65 1.68 c0.26

meanEDA pre vs. post p
ES (r)

b < 0.001**1

0.868
b < 0.001**1

0.793
Whole brain PLV alpha pre 0.30 0.09 0.28 0.04 c0.95

PLV alpha post 0.32 0.06 0.30 0.05 c0.34
PLV
pre vs. post

p
ES (r)

b0.04*
0.447

a0.006**1

0.564
CAN PLV alpha pre 0.33 0.09 0.31 0.05 c0.78

PLV alpha post 0.35 0.07 0.33 0.05 c0.42
PLV
pre vs. post

p
ES (r)

b0.14
0.318

b0.03*
0.474

VIS PLV alpha pre 0.42 0.08 0.42 0.04 c0.42
PLV alpha post 0.44 0.06 0.43 0.05 c0.58

PLV
pre vs. post

p
ES (r)

b0.08
0.371

b0.82
0.049

relative VO2max 31.04 8.88 33.43 7.40 a0.34 (0.148)

Table 4   Correlation coefficients of peripheral autonomic activity und functional connectivity before and after exercise

* p < 0.05 (uncorrected)
** p < 0.01 (uncorrected)
1 Significant after post hoc Bonferroni correction
r = Spearman Rank correlation coefficient
PLV phase locking value, CAN central autonomic network, VIS visual network, EDA electrodermal activity, RMSSD Root mean square of the 
successive differences

Pre-exercise Post-exercise

meanEDA RMSSD meanEDA RMSSD

Epilepsy Control Epilepsy Control Epilepsy Control Epilepsy Control

alpha 8–12 Hz CAN PLV r 0.376 0.080 −0.380 −0.184 −0.280 0.543 −0.429 −0.133
p 0.093 0.731 0.089 0.423 0.219 0.011* 0.052 0.567

VIS PLV r 0.216 0.069 −0.352 0.118 0.071 −0.166 −0.161 0.299
p 0.346 0.767 0.117 0.610 0.758 0.471 0.485 0.188
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(r = 0.543, p = 0.011) post-exercise in the control group 
(Table 4).

Correlation coefficients of CAN PLV and meanEDA after 
exercise differed significantly between the groups (p = 0.004) 
(Table 5) (Fig. 1).

Control variables

Since the subgroup of patients who took lamotrigine was 
considerably larger, the influence of lamotrigine on CAN 
PLV and meanEDA was assessed. No significant influence 
was detected (r = −0.192, p = 0.471).

There was no significant influence of the relative VO2 
max on CAN PLV and meanEDA as well as on CAN PLV 
and RMSSD correlations post-exercise (Table S2).

Discussion

The investigation of central and peripheral ANS func-
tion before and after an acute bout of exhaustive exercise 
revealed no group difference in whole brain and CAN 
functional connectivity. As expected, sympathetic activ-
ity (meanEDA) increased and parasympathetic activity 
(RMSSD) decreased significantly after acute exercise in 

the epilepsy and the control group. However, the connec-
tion between CAN functional connectivity and meanEDA, 
expressed by the correlation coefficient, differed signifi-
cantly between both groups after exercise.

Both groups revealed a similar increase in whole brain 
and CAN functional connectivity after exercise. This is in 
line with previous reports in the literature since bouts of 
acute exercise have been shown to increase functional brain 
connectivity (Moore et al. 2022). The lack of a group dif-
ference could be caused by the composition of the epilepsy 
group mainly consisting of PWE with controlled seizures, 
as it is known that, amongst others, seizure frequency is a 
potential modifier that might impact altered brain network 
function (van Diessen et al. 2013).

Acute exercise is usually associated with increased sym-
pathetic and decreased parasympathetic activation (Glad-
well et al. 2010; Vieluf et al. 2019) and those changes often 
persist post-exercise (Gladwell et al. 2010). Both groups 
exhibited this pattern as revealed by increased meanEDA 
and decreased RMSSD after exercise. No group differences 
could be observed in both measurement time points. High 
standard deviations confirm the individuality of autonomic 
activity (Garet et al. 2004), but the lack of a group difference 
between the investigated cohort of PWE and healthy controls 
might also be driven by the high proportion of reasonably 

Table 5   Group comparisons 
(epilepsy vs. control group) of 
the correlation coefficients of 
peripheral autonomic activity 
and functional connectivity

* p < 0.05 (uncorrected)
** p < 0.01 (uncorrected)
1 Significant after post hoc Bonferroni correction
PLV phase locking value, CAN central autonomic network, VIS visual network, EDA electrodermal activity, 
RMSSD Root mean square of the successive differences

meanEDA RMSSD meanEDA RMSSD

Pre-exercise alpha 8–12 Hz p p Post-exercise p p
CAN PLV 0.172 0.26 0.004**1 0.165
VIS PLV 0.326 0.072 0.237 0.079

Fig. 1   Correlations of CAN 
functional connectivity and 
meanEDA before and after 
exercise. PLV phase locking 
value, CAN central autonomic 
network, EDA electrodermal 
activity, *p < 0.05, **p < 0.01
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well-controlled PWE, who are known to more rarely exhibit 
autonomic dysfunction when compared to therapy refrac-
tory PWE (Ansakorpi et al. 2000). Moreover, ASDs could 
influence autonomic activity. Higher dosages of Na-blocker 
ASD, like lamotrigine or carbamazepine, might decrease 
heart rate (Thijs et al. 2021). Additionally, previous stud-
ies investigating influences of ASDs or ASD withdrawal 
(Kennebäck et al. 1997; Lossius et al. 2007) as well as the 
influence of a lack of ASD medication (Persson et al. 2007) 
confirmed at least a partial influence of ASD medication on 
autonomic alterations, potentially due to the influence on ion 
channels (Chindo et al. 2016).

Compared to the control group, the connection between 
central and peripheral sympathetic control in PWE seems to 
be different after exercise, indicated by significantly differ-
ent correlation coefficients of CAN functional connectivity 
and meanEDA. This observation appears to be specific for 
the CAN because no group difference was observed for the 
VIS network that served as a reference network. The CAN 
is a widespread network connecting cortical, subcortical 
regions (Beissner et al. 2013) and the brain stem (Sklerov 
et al. 2019) and modulates the ANS in resting condition as 
well as in response to certain stimuli (Sklerov et al. 2019). 
During exercise, the sympatho-excitatory response is modu-
lated by a central command that is, under healthy conditions, 
also associated with parasympathetic withdrawal (Bishop 
2004). The induction of increased sympathetic activity dur-
ing the stress situation of an exercise test (Freeman et al. 
2006) is confirmed by an increase in meanEDA and in PWE 
not different from normal control subjects.

An increased sympathetic tone between seizures is a 
well-known phenomenon in epilepsy (Lotufo et al. 2012; 
Myers et al. 2018; Romigi et al. 2016; Sevcencu and Struijk 
2010) and has mostly been demonstrated in patients with 
therapy refractory seizures. In contrast, our cohort con-
sists of a large proportion of seizure-free patients and may, 
therefore, rather be representative for PWE in general (Kwan 
and Brodie 2000). Consequently, it could be argued that the 
central sympathetic control may not differ to a large extent 
from healthy controls. Furthermore, the investigations of this 
study focused on an acute exercise test and it was already 
shown that performance and fitness parameters did not 
differ between PWE and controls (van den Bongard et al. 
2022). Nevertheless, the connection between central con-
trol and peripheral sympathetic activity seems to be differ-
ent in PWE compared to controls after exercise. Therefore, 
factors in PWE independent from seizure control have to 
be considered that might contribute to central and periph-
eral autonomic alterations. For instance, medications like 
ASD, as described before, or beta blockers influence auto-
nomic function (Thijs et al. 2021). Additionally, ASD may 
impact central network activity in general. Carbamazepine 
was shown to change brain graph topology (Haneef et al. 

2015) and levetiracetam treatment was associated with inter- 
and intranetwork alterations (Pang et al. 2020). Although 
patients took different ASDs, subgroup analysis for all ASD 
subgroups was not possible due to small sample sizes. How-
ever, a larger group taking lamotrigine (12/21) were exam-
ined and did not demonstrate differences in CAN functional 
connectivity and meanEDA, correlations. Besides the ASD 
influence, the clinical epilepsy syndrome might impact auto-
nomic control. Allen et al. 2017 observed abnormalities in 
brain regions involved in autonomic processes in patients 
with epilepsy at high risk for sudden unexpected death. The 
syndromal heterogeneity of our cohort prohibited further 
statistical analysis, but the variety of clinical syndromes 
could certainly have influenced sympathetic control (Shaker 
et al. 2021; Thijs 2019).

After exercise, a significant correlation before post 
hoc correction between CAN functional connectivity and 
meanEDA in the control group might indicate a stronger 
functional sympathetic central–peripheral connection and 
therefore the basis for the exercise-induced increase in sym-
pathetic activity. This correlation did not become apparent 
in the epilepsy group, possibly related to different (and 
less controlled) functional sympathetic activity in PWE. A 
larger sample size might be able to elucidate this hypothesis 
further.

In this study, a multidimensional approach was used for 
investigating the autonomic system in PWE extending previ-
ous research focusing on either the central (for example uti-
lizing fMRI (Sklerov et al. 2019)) or the peripheral part (for 
example utilizing parameters of the HRV (Lotufo et al. 2012; 
Mativo et al. 2010)). Assessment of ANS subsystems indi-
vidually and in relation to each other adds important infor-
mation to the investigation of alterations in the ANS (Vieluf 
et al. 2019). The results of this study indicate a difference in 
the interaction of central autonomic and peripheral sympa-
thetic activity after an exhaustive exercise test between PWE 
and healthy controls. This might be explained by the impact 
on brain networks in PWE (van Diessen et al. 2013) despite 
the relative heterogeneity of epilepsy syndromes and the 
relative low seizure burden in the subjects of our study. The 
previously described increased sympathetic tone in PWE 
might also be induced by these autonomic network altera-
tions (Myers et al. 2018). Exercise might be used in PWE as 
a stressor to investigate ANS alterations. In addition, it will 
be interesting how those might also be modified by training, 
which is traditionally used to target psychological comor-
bidities and seizures in PWE. In the future, exercise tests 
in conjunction with autonomic measures might be used as 
a diagnostic tool to differentiate PWE from healthy people. 
Although connectivity measures have to be further explored, 
the presented approach may extend the common visual and 
automated digital interpretations of clinical EEGs, but 
requires a larger number of electrodes than clinical routine 
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EEGs. If future studies may elucidate further, how exer-
cise tests can be used to demarcate central–peripheral ANS 
alterations in PWE and if and how those alterations might 
be modified by chronic exercise, exercise may hypotheti-
cally also affect the risk for life-threatening conditions of 
PWE like sudden unexpected death in epilepsy (SUDEP), 
which occurs as the most dramatic form of dysautonomia, 
in a positive way.

Limitations

Several limitations must be considered. Only a small num-
ber of epilepsy patients with different types of seizures 
and different seizure frequencies were included. Although 
most of the patients were seizure-free, some of them still 
had uncontrolled seizures. Nevertheless, this study sample 
represents a community-based group of epilepsy patients, 
where approximately 70% are seizure-free (Kwan and Bro-
die 2000). PWE took different ASD, with different dosages 
and serum levels, preventing further statistical exploration 
of significant ASD effects. Methodologically, not all CAN 
regions can be assessed by EEG. ROIs were predominantly 
included in cortical regions since deeper structures may 
not contribute significantly to surface EEG signals. Source 
reconstruction itself bears some inaccuracies, but utilization 
of 128-channel EEG provides the highest temporal resolu-
tion. The combination with an MRI template and warping 
its surface by individual electrode position was associated 
with increased spatial resolution as compared to EEG alone, 
but using individual anatomical models would even be more 
accurate.

Conclusion

PWE reveal similar peripheral autonomic reactions to an 
acute bout of exercise in comparison to normal control 
subjects, but exhibit a different connection between central 
autonomic and peripheral sympathetic activity. Since the 
majority of PWE were seizure-free, the mechanisms con-
tributing to this finding remain unclear. Further insight into 
modifiers, clinical consequences and potential response to 
chronic exercise and training may guide future therapeutic 
interventions more effectively.
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Supplement 

Table S1 

ASD daily dosage and serum level 

ASD  dose (mg)     

 n median  min max 25% 
percentile 

75% 
percentile 

    

Lamotrigine 12 250 100 400 168.75 100     
Levetiracetam 4 2250 1500 3000 1500 1500     
Valproic acid 6 1250 600 2750 600 600     
Lacosamide 1 200 200 200 200 200     
Carbamazepine 3 600 400 800 400 400     
Ethosuximide* 1 250 250 250 250 250     

  serum level (mg/l) time ASD intake and blood 
sample (min) 

  median min max 25% 
percentile 

75% 
percentile 

reference 
range 

median min max 

Lamotrigine  4.85 1.90 10.30 3.27 1.9 3-14 262.5 70 491 
Levetiracetam  27.50 14.80 45.90 14.8 14.8 10-40 371 203 600 
Valproic acid  50.50 30 102 30 59.5 40-100 420 100 1063 
Lacosamide  0.60 0.60 0.60 0.6 0.6 1-10 491 491 491 
Carbamazepine  7.20 3.60 9.30 3.6 3.6 4-12 360 100 502 

* serum level of ethosuximide analysis was not determined 

  



Table S2 

Partial correlation post exercise 

 CAN PLV and meanEDA 
(Pearson correlation) 

CAN PLV and meanEDA 
controlled for relative 
VO2max 

CAN PLV and RMSSD 
(Pearson correlation) 

CAN PLV and RMSSD 
controlled for relative 
VO2max 

epilepsy r -0.268 -0.273 -0.324 -0.317 

p 0.240 0.244 0.153 0.173 

control r 0.467 0.456 -0.229 -0.127 

p 0.033* 0.043* 0.318 0.593 

* p<0.05 
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