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Abstract 
Introduction: Vagus nerve stimulation (VNS) is a form of neurostimulation used for treating 

patients suffering from refractory epilepsy. The exact mechanism underlying the effects of VNS is 

still not fully understood and unfortunately, not all epilepsy patients respond well to VNS. In 

addition to the anti-seizure effect of VNS, afferent stimulation of the vagus nerve could also affect 

the autonomic nervous system. The autonomic activities do not play a role in the anti-seizure effect, 

but they could be a marker for the stimulation effects of VNS. 

Recently, a transcutaneous VNS (tVNS) has become available, which could be used as a possible 

predictor for the effects of an implanted VNS system in epilepsy patients. The tVNS stimulates the 

auricular branch of the vagus nerve (ABVN) and therefore, it might show similar effects as VNS. 

The exact working mechanism of tVNS however is not completely understood. Therefore, the aim 

of this master thesis is to provide more insight into the effects of tVNS.  

 

M ethod: The effect of tVNS is assessed for 21 healthy subjects and 4 epilepsy patients by 

measuring the effect of tVNS on the pupil diameter, heart rate and heart rate variability (HRV). 

Two different stimulation locations (cymba conchae and earlobe stimulation) are used to assess the 

effects of tVNS. The measurement conditions are no tVNS stimulation, tVNS stimulation at a low 

intensity level, and tVNS stimulation at a maximal intensity level.  

The pupil diameter is measured during low intensity stimulation and maximal intensity stimulation 

using trials of 6 seconds, which provoked a pupillary light reflex. The heart rate was measured 

continuously throughout the measurement. HRV was measured during low intensity continuous 

tVNS stimulation.  

 

Results: The overall results for the healthy subjects show a statistically significant increase in the 

pupil diameter parameters, a statistically significant decrease in the heart rate and a statistically 

significant increase in the R-R interval when comparing the ON phase of tVNS stimulation with 

the OFF phase. No statistically significant differences are shown in the effects of cymba conchae 

stimulation on the study parameters compared with the effects of earlobe stimulation on the study 

parameters. Both low and maximal stimulation show a significant increase in the pupil diameter 

parameters and a significant decrease in the heart rate during the ON phase compared with the 

OFF phase. Due to the small number of epilepsy patients, no overall results can be described.  

 

Conclusion: The main finding of this study is that tVNS shows a statistically significant increase 

in the pupil diameter and a statistically significant decrease in the heart rate during the ON phase 

compared with the OFF phase. However, these results are shown during both cymba conchae 

stimulation and earlobe stimulation. Therefore, it cannot be concluded from this study that the 

effects of cymba conchae stimulation on the pupil diameter and the heart rate are caused by the 

activation of the ABVN. 
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1. Introduction  
After cerebrovascular disease, epilepsy is the most common neurological disorder in incidence and 

prevalence and affects approximately 0.5-1% of the world’s population (1–5). Epilepsy is defined as 

a disorder of the brain characterized by an enduring predisposition to generate seizures that are 

associated with neurobiological, psychological, cognitive and social problems (1,5–7). According to 

the International League Against Epilepsy (ILAE) a seizure is defined as a transient occurrence of 

signs and/or symptoms and is caused by abnormal excessive or synchronous neuronal activity in 

the brain (6–8). The manifestation of seizures are diverse among patients and these depend on the 

region of the brain that is affected (9). The manifestation also depends on the spatial distribution 

of the abnormal synchronization, which classifies seizures as focal seizures or generalized seizures 

(1,8,10). Aetiology also plays a role in the classification of seizures (6,10).  

 

The management of epilepsy can be challenging. The most common form of treatment is 

pharmacological treatment. Daily intake of fixed doses of anti-epileptic drugs (AEDs) are used to 

control seizures (9). Unfortunately, AED therapy fails for some epilepsy patients and approximately 

one third of the patients are considered to be drug resistant (1,4,7,9,11–14). In these patients the 

quality of life is severely impacted and they are also at a significantly increased risk of sudden 

unexplained death in epilepsy. Therefore many patients with drug-resistant epilepsy are treated 

with invasive procedures (15). Invasive procedures are epilepsy surgery, vagus nerve stimulation 

(VNS) and deep brain stimulation (DBS) (11,16).  

 

1.1 Vagus nerve stimulation  

The vagus nerve is the 10th cranial nerve and is a mixed parasympathetic nerve, containing both 

afferent sensory (80%) and efferent motor (20%) fibers (17–20). Besides the afferent and efferent 

fibers, the vagus nerve also contains A-fibers, B-fibers and C-fibers. These fibers are defined in 

accordance to the classification that subdivides the peripheral nerve fibers according to their 

conduction velocity (21). The vagal A-fibers are the largest and consist of myelinated fibers carrying 

afferent visceral information and efferent input. The B-fibers are small myelinated fibers carrying 

parasympathetic efferent fibers. The C-fibers are small and unmyelinated. These fibers are carrying 

afferent visceral information (21,22).  

 

VNS delivers electrical stimulation to the vagus nerve to decrease the excitability of the brain and 

thereby decrease the frequency or duration of seizures. VNS requires the implantation of a pulse 

generator, which is surgically implanted in the anterior chest wall. Leads are running from the 

generator and electrodes are wrapped around the left vagus nerve at the carotid bifurcation (Figure 

1) (13,23,24).  The electrodes stimulate the vagus nerve in a regular cycle. The pulses are generated 

by the pulse generator (25).  

Figure 1: Schematic view of the electrode of the 

VNS wrapped around the vagus nerve (24). 
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The exact mechanism underlying the effects of VNS are still not fully understood and unfortunately, 

not all epilepsy patients respond well to VNS. Long term studies that assessed the effectiveness of 

VNS, concluded that over 50% seizure reduction was accomplished in 20-63% of the patients after 

treatment for six months to six years (2,9,16,17,26,27). The proposed mechanisms of action are: 

unidirectional stimulation of thick myelinated afferent vagus nerve fibers, access to the nucleus 

tractus solitarius (NTS) in the brainstem, and elicitation of a typical cerebral activation pattern 

(11,18,25). The NTS is considered to play the most important role in the mechanism of VNS and 

projects among others to the locus coeruleus (LC) in the brainstem. The projection of the NTS to 

the LC is suggested to be important, because LC is the main source for norepinephrine (NE) in the 

forebrain and the LC-NE system plays a crucial role in the anti-seizure effect of VNS (28,29). 

 

1.2 Predictors in the success of VNS 

Despite the growing application of VNS, it is still not possible to predict which patients respond to 

what extent to VNS therapy. Investigating the working mechanism of VNS and determining the 

success of VNS is important to inform patients and give them information about the expected 

seizure reduction with VNS. If it is possible to predict which patient is a responder and which 

patient is a non-responder of VNS therapy makes it possible to prevent patients with a low 

likelihood to respond from undergoing surgery and having an expensive VNS system implanted. 

Biomarkers to assess VNS efficacy pre-operatively would be high valuable and could reduce the 

number of non-responders.  

 

Several researches are performed to find a predictive value for the success of VNS. Bodin et al. (30) 

evaluated the impact of VNS on the synchronicity of interictal electroencephalography (EEG) 

rhythms and found that responders of VNS therapy (seizure reduction of >50%) have a lower global 

level of synchronization than non-responders. This effect was particularly significant in the delta 

and alpha bands. Jansky et al. (31) attempted to predict the success of VNS based upon the 

localization of the seizure focus. They found that the absence of bilateral interictal epileptiform 

discharge is correlated independently with successful VNS treatment. Despite the research that is 

already performed, it is still not possible to predict which patients respond to what extent to VNS 

therapy.  

 

1.3 Transcutaneous vagus nerve stimulation  

Transcutaneous vagus nerve stimulation (tVNS) is an alternative strategy to stimulate the vagus 

nerve in a non-invasive manner, and could possibly play a role in the prediction of the effects of 

VNS. The tVNS uses an intra-auricular electrode (like an earphone) which stimulates the auricular 

branch of the vagus nerve (ABVN) at the level of the cymba conchae (figure 2) (17,32). To activate 

the ABVN fibers, the stimulus intensity is adjusted to a level just above the patient’s detection 

threshold (32).  

 

Only a few studies have been performed on the effectiveness of tVNS in seizure reduction of epilepsy 

patients (4,33–36). In these studies epilepsy patients were included with either focal or generalized 

epilepsy. Stefan et al. (35) assessed the effectiveness of tVNS in epilepsy patients using tVNS for 

nine months, and reported a reduction in seizure frequency in five of the seven patients, but non 

reached 50% reduction of seizure frequency. Aihua et al. (4) found an effective reduction of seizure 

frequency of approximately 40% after 12 months with tVNS in 26 patients who underwent ABVN 

stimulation. From these patients approximately 40% of the patients reached a seizure reduction of 

50% or more. Aihua et al. also found a reduced seizure severity and a significantly improved quality 

of live and mood. The studies from He et al. (34), Bauer et al. (33), and Rong et al. (36) also found 

a reduction in seizure frequency, which ranged from 34% after 20 weeks in the study from Bauer et 

al. to 54% after 24 weeks in the study of He et al. Rong et al. showed a seizure reduction of 47% 
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after 24 weeks. The responder rate was approximately 30% in the study of Bauer et al. and 

approximately 54% in the study of He et al. Rong et al. did not report responder rates.  

 

Recently, He et al. (37) showed that there was no significant difference in animals between VNS 

and tVNS with respect to the anticonvulsive effect, but still a little is known about the possible 

effects of tVNS in humans and there is also not much evidence that the ABVN projects to the same 

parts of the brain as the central vagus nerve. However, Frangos et al. (38) have shown with fMRI 

that electrical stimulation of the left cymba conchae produces significant activation of “classical” 

central vagal projections including widespread activity in the ipsilateral NTS, bilateral spinal 

trigeminal nucleus, LC, dorsal raphe nucleus (DRN), contralateral parabrachial nucleus (PBN), 

amygdala and nucleus accumbens (38). It is also shown that the human ABVN consists of 

somatosensory afferent fibers (A- and C-fibers) (20,39). Safi et al. (40) demonstrated that the human 

ABVN also comprises thick myelinated axons of the Aβ class, which are only five to six times less 

numerous than those in the cervical vagus nerve. The thick myelinated axons of the Aβ-fibers 

project to the NTS of the brainstem and it is presumed that these fibers are involved in the effects 

of both VNS and tVNS (20,40,41). This may present an anatomical basis for the clinical effectiveness 

of tVNS in the cymba conchae as a valuable alternative to VNS, which means that it may be 

possible to use the tVNS as a predictor for the effect of VNS. In order to gain more information 

about the effectiveness of tVNS, research should be performed on the reflex and sensory responses 

elicited by tVNS. This can provide functional indicators of the type of fibers recruited and provide 

more evidence that tVNS really projects on the ABVN. 

 

1.4 Autonomic effects of the vagus nerve stimulator 

In addition to the anti-seizure effect of VNS, it has been shown by different studies that the afferent 

stimulation of the vagus nerve also affects the autonomic nervous system (ANS) (39,42–46). The 

autonomic activities caused by stimulation of the vagus nerve do not play a role in the anti-seizure 

effect, but they could be a marker for the stimulation effects of VNS. 

 
One of the autonomic activities caused by afferent stimulation of the vagus nerve is a change in the 

pupillary size. Desbaumes Jodoin et al. (42) and Bianca and Komisaruk (43) showed that VNS 

causes an increase in resting pupil diameter during VNS.  Another effect of VNS on the autonomic 

activities are the changes in the heart rate and heart rate variability (HRV). It has been 

demonstrated that VNS has an influence on the cardiac function. Changes in heart rate and HRV 

have been reported by several investigators (22,26,44,47). Mulders et al. found a decreased heart 

rate in about 80% of the patients during VNS episodes in both rest and exercise (26). Frei and 

Osorio found a clear effect of left VNS on the heart rate and the HRV. They demonstrated the 

occurrence of bradycardia as well as a combination of bradycardia and tachycardia during VNS 

(47). HRV was either increased or decreased during stimulation, depending on the subject and on 

Figure 2: transcutaneous vagus nerve 

stimulation 
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the stimulation parameters. Zaaimi et al. showed complex effects of VNS on the heart rate in 

children (44).  

 

Pupil diameter, heart rate and HRV changes could be caused by VNS due to stimulation of the LC 

and NTS (28,39,42,45–50). Despite the fact that these changes do not play a role in the anti-seizure 

effect, they could be considered as markers for LC and NTS stimulation, which are important for 

the anti-seizure role of VNS. To assess if the tVNS can be used as a predictor of the effect of VNS, 

it is important that tVNS has similar effects as VNS. Therefore, it is expected that variations in 

pupil diameter and cardiac function due to tVNS are markers that tVNS really stimulates the 

ABVN and consecutively the NTS. This would be an important indicator for the anti-seizure effects 

of tVNS.  

 

1.5 Aim of this master thesis  

The aim of this master thesis is to provide more insight into the effects of tVNS: to assess if the 

ABVN and consecutively the NTS are really stimulated by tVNS. This information is helpful in 

determining the predictive role of tVNS for the success of VNS.  

 

The aim of this master thesis is to study the effect of tVNS on the pupil diameter, heart rate and 

HRV. These effects are assessed in both epilepsy patients and healthy subjects. Two different 

stimulation intensities are used, to assess the differences between tVNS stimulation at low intensity 

and maximal intensity. Also, two stimulation locations are used, to assess the differences between 

real tVNS stimulation at the cymba conchae and sham stimulation at the earlobe.  

Furthermore, the effect of an already implanted VNS on the pupil diameter and heart rate is 

assessed in epilepsy patients with an implanted VNS.  

 

Beside this study I have also performed two other studies about epilepsy and the effects of tVNS. 

These researches are not included in the main body of this master thesis, but are added to the 

Appendix.  

The first study is a clinical pilot study in eight patients to assess the effect of tVNS on the seizure 

frequency, quality of life and mood in patients with refractory epilepsy (Appendix I).  

The second study is conducted in over 100 patients with epilepsy and control subjects to assess if 

epilepsy can be detected with the use of breath analysis via an electronic nose (Appendix J).   
 

1.6 Hypotheses 

The first hypothesis is that there is an increase in pupil diameter and HRV, and a decrease in heart 

rate during tVNS stimulation compared with periods of no tVNS stimulation.  

The second hypothesis is that these effects will only occur during cymba conchae stimulation and 

not during sham stimulation.  

The third hypothesis is that both low tVNS stimulation and maximal tVNS stimulation show an 

increase in pupil diameter. The heart rate only decreases during maximal tVNS stimulation. 

The last hypothesis is that an implanted VNS shows an increase in pupil diameter and a decrease 

in heart rate during VNS stimulation compared with periods of no VNS stimulation.  
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2. Background information 

2.1 Vagus nerve  

The vagus nerve is the 10th cranial nerve and is a mixed parasympathetic nerve, containing both 

afferent sensory (80%) and efferent motor (20%) fibers (17–20). The cell bodies for the efferent 

fibers are located in two subnuclei: 1. the dorsal motor nucleus of the vagus nerve, which projects 

to the pharynx, larynx, and gastrointestinal tract, and 2. the nucleus ambiguous, which innervate 

the skeletal muscles of the neck and face and modifies the heart rate and the heart rate variability, 

providing parasympathetic control of the heart (18–20). The vagus nerve carries afferent fibers from 

the thoracic, abdominal viscera and from aortic baroreceptors and chemoreceptors of the aortic 

arch. These afferent fibers play a crucial role in the reflex regulation of digestive, respiratory and 

cardiovascular functions, such as slowing of breathing, bradycardia, and vasoconstriction (18,21). 

The cell bodies of these afferent fibers are located in the nodose ganglion and transmit to the caudal 

part of the NTS. Another part of the afferent fibers carries touch, pain and temperature information 

from the ear and parts of the pharynx and larynx. The cell bodies of these afferents are located in 

the jugular ganglion and transmit to the spinal trigeminal nucleus.  

 

2.2 Anticonvulsive effects of vagus nerve stimulation 

During VNS the different vagal nerve fibers are depolarized and the anticonvulsant effect of VNS 

may depend on the type of sensory afferent fibers stimulated by the device (51,52). The ability of 

VNS to depolarize nerve fibers depends on the intensity and duration of the stimulus. In other 

words, it depends on the amplitude of the current and the width of the pulse (53). If the width of 

the pulse is kept constant and the stimulus intensity is increased stepwise, large low-threshold nerve 

fibers will be depolarized first. As the intensity increase, higher-threshold smaller fibers would be 

gradually recruited (53–55).  

 

The large myelinated vagal A-fibers have the lowest amplitude-duration threshold required for VNS 

to excite action potentials (ranging from 0.02 to 0.2 mA). The excitation thresholds of the B-fibers 

are a little higher (ranging from 0.04 to 0.6 mA) and the excitation threshold of the small 

unmyelinated C-fibers are the highest (more than 2.0 mA) (21,55). When the excitation threshold 

for the C-fibers is reached, the A- and B-fibers are also recruited (55). 

 

Recent studies suggests that the anti-seizure effects of VNS depends on the activation of A- and B-

fibers, and not on the activation of C-fibers, because destruction of the C-fibers in animals does not 

alter the anti-seizure effects (21,22,40,53,54,56,57). Activation of C fibers is therefore unnecessary 

and probably also undesirable, because animal studies show autonomic effects such as bradycardia 

during stimulation of the C-fibers (52,53,58). Because epilepsy is a disease with a cortical origin, it 

is preferred to stimulate unidirectional, which means only the activation of the afferent vagal fibers 

(57).  

 

Stimulation of the afferent vagal fibers of the vagus nerve projects to the NTS. The NTS is 

considered to play an important role in the mechanism of VNS and projects to the dorsal raphe 

nucleus (DRN), parabrachial nucleus (PBN), and the LC in the brainstem as well as to the 

amygdala, hypothalamus, thalamus, and cortex, see figure 3 (25,42). The projection of the NTS to 

the LC is suggested to be important for the anti-seizure effect of VNS, because the LC is the main 

source for norepinephrine (NE) in the forebrain (28). Animal studies showed that VNS causes an 

enhancement of the NE concentrations in the cortex, nucleus accumbens, and hippocampus (59–

61). Data supporting the crucial role of the LC-NE system in the anti-seizure effect of VNS show 

that when the LC is lesioned, the anti-seizure effect of VNS is blocked (29). Furthermore, it appears 
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that the activity of the LC is critical in limiting the spreading and duration of seizures and 

impairment of the LC-NE system increases the neuronal damage (62,63). 

 

The activation of the LC-NE system is not the only process that plays an important role in the 

anti-seizure effect of VNS. The anti-epileptic effects of VNS have also been attributed by an 

increased synaptic activity in the thalamus and thalamo-cortical projection pathways, which would 

result in an increased arousal and possibly a decreased synchrony of synaptic activities between and 

within cortical regions (25). 

 
 

2.3 Pupil response  

Pupillary response is a response that varies the size of the pupil, via the optic and oculomotor 

cranial nerve. Pupil diameter is under a dual autonomic innervation. The sympathetic part of the 

ANS innervates the dilator muscle of the iris. The preganglionic sympathetic neurons are located 

in the C8-T1 segments of the spinal cord. The axons of these preganglionic neurons project to the 

sympathetic chain and travel in the sympathetic trunk to the superior cervical ganglion (64). Within 

the superior cervical ganglion, the preganglionic axons form nicotinic, cholinergic synapses with 

postganglionic neurons. The axons of these postganglionic neurons project from the superior cervical 

ganglion to the orbit, where they enter the eye via the short and long ciliary nerves and travel to 

the iris (figure 4). Here they release norepinephrine, which acts on the adrenoreceptors of the dilator 

muscle (64,65).  

 

The parasympathetic component of the autonomous nervous system innervates the sphincter muscle 

of the iris. The preganglionic parasympathetic fibers controlling the sphincter originate from neurons 

in the Edinger–Westphal nucleus (EW) and travel via the third cranial nerve to the ciliary ganglion, 

Figure 3: Anatomic overview of the projections of the vagus 

nerve. (A) Schematic representation of the brain region 

innervated directly or indirectly by the vagus nerve. VN = Vagus 

Nerve, IO = Inferior Olive, NA   = Nucleus Ambiguous, DMV 

= Dorsal Motor Nucleus of the Vagus, NTS = Nucleus Tractus 

Solitatrius, RN = Raphe Nuclei, RF = Medial reticular 

formation of the medulla, LC = Locus Coeruleus, STN = Spinal 

Trigeminal Nucleus, PAG = Peri-Aqueductal Gray, PBN = 

Parabrachial Nucleus, AMY = Amygdala, HYT = 

Hypothalamus, THA = Thalamus, LPC = Lateral Prefrontal 

Cortex (25) 
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which is located within the orbit of the eye (Figure 4). Within the ciliary ganglion, the preganglionic 

constriction neurons form nicotinic, cholinergic synapses with the postganglionic neurons. The axons 

of these postganglionic neurons leave the ciliary ganglion to enter the eye via the short ciliary nerves 

and travel to the iris. Here they release acetylcholine, which acts on the muscarinic receptors of the 

sphincter muscle (64,65).  

 

VNS could affect resting pupil diameter through several routes. The main target of the vagus nerve, 

the NTS, has widespread projections to nuclei affecting autonomic function including the 

hypothalamus, nucleus paragigantocellularis, LC, and PBN.  The LC can modulate both 

sympathetic and parasympathetic outflow to the pupil, and the PBN and LC both projects to the 

cholinergic part of the EW nucleus, controlling the pupil size (42,48–50). The pupil size is closely 

linked to the LC (28).  

During tVNS it is shown that the sensory vagus also projects on the NTS and LC (38). This suggests 

that the pupil diameter could provide information about the effect of tVNS on the autonomic 

nervous system.   

 

2.4 Cardiac response  

The heart itself is capable of generating its own electrical impulses, which results in coordinated 

and rhythmic contractions of its chambers. The rhythmic and spontaneous contraction of the heart 

is initiated by the periodic electrical discharge of the sinoatrial (SA) node, which is the heart’s 

pacemaker (66,67). In addition to this intrinsic regulation of the electrical activity of the heart, the 

control of the ANS is also essential for the regulation of the heart rate (67–69).  

The parasympathetic part of the ANS arises from the dorsal motor nucleus or the nucleus 

ambiguous within the medulla oblongata in the brainstem, and efferent outflow occurs via the vagus 

nerve (68,69). From the vagus nerve they synapse with postganglionic cells on the epicardial surface 

and releases acetylcholine. The right and left vagi are distributed differentially to the various cardiac 

structures. The right vagus nerve affects the SA node predominantly and the left vagus nerve affects 

Figure 4: Anatomical drawing showing the parasympathetic and sympathetic 

innervation of the iris (64). 
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the atrioventricular (AV) node predominantly (69). The parasympathetic part of the ANS decreases 

the heart rate (67–70). 

The sympathetic part of the ANS arises from the upper thoracic region of the spinal cord. Short 

preganglionic enter the paravertebral chains of the ganglia (68,69). These preganglionic fibers 

synapse with postganglionic fibers. Long sympathetic efferent fibers extend to the SA and AV nodes 

in the heart and releases the neurotransmitter NE. This results an increase in the heart rate (67–

70).  

 

VNS could have an influence on the cardiac effects via the autonomic way or via the efferent way.  

VNS may result in direct excitation of efferent cardiac vagal fibers. If the stimulus threshold for a 

total anodal block of the VNS is not reached, the VNS can propagate in a bidirectional way to the 

brainstem and the heart. Depending on the circumstances efferent vagal stimulation can produce 

either a decrease or an increase in the heart rate (44).  

 

VNS can also affects the autonomic activity (39,44–46). Afferent stimulation of the vagus nerve 

may cause reflex autonomic activation via the sympathetic chain and dorsal root ganglia, but it 

can also cause an increase in the parasympathetic efferent outflow (46). The afferent stimulation of 

the vagus nerve synapse in the NTS, which could activate the dorsal motor nucleus of the vagus 

and the nucleus ambiguous to increase the parasympathetic activity (39,45,46). Stimulation of the 

NTS by VNS sends also excitatory projections to the caudal ventrolateral medulla (CVLM). The 

CVLM inhibits the rostroventrolateral medulla (RVLM) which is the primary source of excitatory 

drive to sympathetic preganglionic neurons in the intermediolateral column (IML) of the spinal 

cord. This inhibition would decrease the sympathetic activity (39,45).  

 

When VNS changes the cardiac response via the autonomic pathway, it also influences the HRV. 

HRV is generally used for the evaluation of the ANS (71). HRV represents the difference between 

successive heartbeats, and is caused by the interaction between the parasympathetic nervous system 

and the sympathetic nervous system (20,72,73). Activity of the sympathetic pathway increases the 

heart rate and decrease the HRV, whereas activity of the parasympathetic pathway decreases the 

heart rate and increases the HRV (74,75). Normally the HRV is high due to several physiological 

factors, for example respiration, day- or nighttime, exercise or psychological conditions (76).  

To analyze the separate sympathetic and parasympathetic contributions to the ANS, the frequency 

domain of the HRV is analyzed. High frequency (HF) component in the frequency domain reflects 

the parasympathetic modulation of the heart rate and the low frequency (LF) component reflects 

the sympathetic modulation of the heart rate, but some studies suggest that vagal activity plays a 

role as well (71,74,75,77). The LF/HF ratio provides information about the autonomic balance, 

such that a decrease in LF/HF ratio indicates a shift in cardiac autonomic balance toward 

parasympathetic predominance and improvement in HRV (decrease heartrate) (45). This could 

either be due to a decrease in sympathetic activity or an increase in parasympathetic activity.  

 

Clancy et al. (45) have shown that tVNS may also influence the activity of the sympathetic nervous 

system. In healthy human volunteers, tVNS significantly improved the HRV. For the tVNS it is 

expected that it influence the cardiac parameter via the afferent way through the NTS (39,45). This 

suggests that the heart rate and heart rate variability could provide information about the effect of 

tVNS on the autonomic nervous system.  
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3. Method  

3.1 Subjects 

Three groups of subjects were recruited for this study. The first group consisted of healthy 

participants, the second group consisted of patients who were diagnosed with epilepsy, and the 

third group consisted of patients who were both diagnosed with epilepsy and implanted with a 

VNS. Patients diagnosed with epilepsy were recruited via the department of neurosurgery at the 

Medical Spectrum Twente, the Netherlands. Flyers were used to recruit the healthy subjects. 

Additionally, some relatives of epilepsy patients volunteered as healthy control.  

 

The inclusion criteria for all subjects were: eighteen years or older; and physically and cognitively 

capable of participating the study. For the two patient groups, it was also important that they were 

diagnosed with epilepsy. An additional inclusion criterion for the epilepsy patients with an 

implanted VNS was that the patients were actively being treated with the VNS. Exclusion criteria 

included: implanted with a pacemaker; presence of an eye disease; eye surgery in the past; history 

of cardiovascular disease; diabetes; use of beta blockers; and use of anticholinergic or 

psychostimulant medication. Subjects were asked not to smoke and not to consume caffeine or 

alcohol three hours before participation.  

 

The study followed the principles laid out in the Declaration of Helsinki and ethical approval was 

obtained from the Medical Research Ethics Committee Twente. All subjects gave written informed 

consent.  

 

3.2 Measurement procedure 

Measurements were performed at the department of neurosurgery at the Medical Spectrum Twente. 

Prior to the measurement subjects were asked about their demographics and lifestyle-related factors. 

For the patients with epilepsy information was also obtained about their epilepsy. Appendix A 

shows the questionnaires for the different group of subjects.  

The effect of tVNS on the study parameters: pupil diameter, heart rate and HRV was assessed for 

the healthy subjects and the patients with epilepsy (figure 5). For the epilepsy patients with a VNS, 

the effect of their own VNS on the study parameters pupil diameter and heart rate was assessed 

(figure 5). 

The effect of (transcutaneous) 
vagus nerve stimulation

Effects of tVNS

Healthy 
subjects

Patients with 
epilepsy without 
VNS

Effects of VNS

Patients with 
epilepsy and 
VNS

Figure 5: An overview of the different measurement groups. The effect of tVNS is studied for the 

healthy subjects and the patients with epilepsy without VNS. The effect of VNS is studied for the 

patients with epilepsy and VNS.  
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3.2.1 tVNS measurements 

tVNS was administered through a tVNS device, which was obtained from Cerbomed GmbH 

(Erlangen, Germany). The tVNS device stimulated with a stimulation frequency of 25 Hz, 30 

seconds ON/OFF phases, and stimulation intensities adjusted for the individual subjects.  

 

Measurements took place in a quiet room with a controlled ambient lighting level (340 lux) from 

above the subject’s head. One measurement consisted of eight periods with a total duration of 30 

minutes (figure 6) and during these 30 minutes subjects had to sit in front of a computer screen at 

a distance of 50 cm. The full measurement (all eight periods) had been conducted twice in each 

subject, with the tVNS administered once at the earlobe and once at the cymba conchae.  

 

The measurement conditions during the eight periods of a measurement were: 

o No tVNS stimulation, 

o tVNS stimulation at a low intensity level, and 

o tVNS stimulation at a maximal intensity level.  

 

During period 2, 3, 5, 6, and 8 of the measurement, tVNS stimulation was applied. During period 

2,3, and 8 tVNS stimulation was applied with a low intensity stimulation: stimulation intensity just 

above the subject’s detection threshold (first tingling sensation). During period 5 and 6 tVNS 

stimulation was applied at a maximal intensity level: just below the subject’s pain threshold.  

 

During period 2, 3, 5, and 6, the tVNS stimulated with a 30 second ON phase and a 30 second OFF 

phase. Period 8 consisted of continuous tVNS stimulation of 5 minutes.  

Period 1, 4 and 7 were resting periods in which no tVNS stimulation was applied and subjects just 

looked at the computer screen.  

 

The study parameters that were assessed during the tVNS measurements were the pupil diameter, 

the heart rate and the HRV.  

The pupil diameter was measured during period 3 and period 6 of the measurement. The pupil 

diameter recordings were performed using trials of 6 seconds. When a trial started, a fixation cross 

appeared on the black computer screen for 2 seconds. After 2 seconds a with disk (23 lux, 15 cm 

diameter) appeared in the centre of the screen for 1.5 seconds to provoke a pupillary light reflex. 

The trial terminated 2.5 seconds after the end of a stimulus. A 5 second pause was inserted at the 

end of each trial to let the pupil recover from constriction and to allow the subject time to blink. 

A maximum of 2 trials was presented during each 30 second stimulation period (ON phase) and 

each 30 seconds of no stimulation (OFF phase). Appendix B shows a figure of the trials that were 

shown during the measurement.  

The heart rate was measured continuously throughout the measurement. HRV was measured during 

rest (period 7) and during the period of continuous stimulation at a low intensity level (period 8).  

 

The tVNS measurements were performed at two locations to assess the differences in effects of 

tVNS stimulation at the cymba conchae and sham stimulation at the earlobe. Cymba conchae 

stimulation was applied according to figure 7A. Earlobe stimulation was conducted by positioning 

the earpiece of the tVNS upside down (figure 7B). The sequence of stimulation location was varied 

among the subjects. Subjects were unaware of the fact that stimulation at the earlobe was supposed 

to be sham stimulation.  

 

More information about the measurement procedure and information about the used measurement 

equipment can be found in Appendix C and D.  
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Figure 6: An overview of the measurement procedure of the tVNS measurements. HR = heart rate, 

HRV = heart rate variability, PD = pupil diameter.  
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3.2.2 VNS measurements 

During the measurements with VNS the only measurement conditions were with VNS stimulation 

(ON phase) and without VNS stimulation (OFF phase). The study parameters that were measured 

were the pupil diameter and the heart rate.  

 

The VNS measurement set-up was identical to the tVNS measurement set-up, but because of the 

different stimulation settings for VNS compared with tVNS, the periods were slightly different. The 

stimulation settings of the VNS had a 30 second ON phase and a five minute OFF phase. The 

duration of the measurement was 22 minutes and consisted of eight periods. Period 2, 4, 6 and 8 

contained the ON phase of the VNS. The other four periods contained the five minutes OFF phase 

of the VNS. The pupil diameter was measured during period 1, 2, 3, 4, 6 and 7. Pupil diameter 

recordings were performed with the use of the same stimuli as used during the measurement with 

tVNS. The heart rate was measured continuously throughout the measurement. The HRV was not 

measured, because of a too short stimulation time of the VNS (30 seconds).  

  

3.3 Analysis 

3.3.1 Pupil diameter analyses 

Pupil diameter recording were performed during period 3 (low stimulation intensity) and period 6 

(maximal stimulation intensity). During each period 10 trials with light stimuli were shown during 

the ON phase and 10 trials during the OFF phase. The onset of all the trials were marked in the 

Tobii Pro Lab 1.76 analysing software (Tobii Technology) and loaded into Matlab (MATLAB, 

2014b, the MathWorks, Inc), together with the time and pupil diameter data. 

 

In Matlab the pupil diameter data was interpolated with the use of linear interpolation to correct 

for missing pupil diameter data, and for missing time data. The pupil diameter recordings of the 10 

trials from each of the stimulation conditions (ON phase low stimulation, OFF phase low 

stimulation, ON phase maximal stimulation, OFF phase maximal stimulation) were extracted from 

the overall pupil diameter data and checked for corrupt data. When the pupil diameter recording 

of a trial was affected with artefacts or errors due to missing data, the trial was excluded. When at 

least 4 trials with pupil diameter recordings per stimulation condition were available, an average 

was calculated from the pupil diameter recordings for that stimulation condition, which resulted in 

an average pupil diameter recording for each of the four stimulation conditions: the ON phase of 

A 

Figure 7: Two different stimulation locations used for the 

measurements. A shows cymba conchae stimulation. 

Earlobe stimulation is shown in B. 
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low stimulation, the OFF phase of low stimulation, the ON phase of maximal stimulation and the 

OFF of maximal stimulation. Pupil diameter recording have been done for both eyes.  

 

The resting pupil diameter was calculated by measuring the average pupil diameter 1 second prior 

to the onset of the light reflex stimulus.  

The contraction amplitude was defined as the difference between minimal pupil diameter after the 

onset of the light stimulus and the resting pupil diameter.  

Resting pupil diameter and constriction amplitudes were calculated for the average pupil diameter 

recording of (at least) four stimulation conditions for each eye and for each subject.  

 

For the measurement with the VNS, 14 trials were measured during the OFF phase and 4 trials 

during the ON phase. The average resting pupil diameter and constriction amplitude were 

calculated for the ON and OFF phase for each eye and each subject.  

  

3.3.2 Heart rate analyses 

The lead II ECG was chosen for the analysis of the heart rate, because it detects the most prominent 

R peak (figure 8) (45). Obtained ECG data was filtered with a bandpass Butterworth filter from 

0.5 to 50 Hz with the use of Matlab. For every subject epochs of 25 seconds were selected during 

the periods of no stimulation, low stimulation, and maximal stimulation. Two epochs were selected 

during the period of no stimulation (period 1), which contained the baseline heart rate. Fourteen 

epochs were selected during each period of low stimulation (period 2 and 3) and the period of 

maximal stimulation (period 5 and 6). Seven of the fourteen epochs were during the ON phase of 

the tVNS and seven epochs were during the OFF phase. The epochs from the ON phase were 

separated from the epochs with the OFF phase.  

 

For every epoch the heart rate was calculated. R-peaks from the QRS-complex of the ECG were 

detected using the Matlab function findpeaks and were checked visually for each epoch for missing 

peaks. When all peaks were correctly defined, the time between the peaks was calculated (R-R 

interval) and subsequently the heart rate. If all peaks were not defined correctly within an epoch, 

the epoch was excluded from further analysis.  

 

Heart rate values were averaged for the epochs for baseline, ON phase, and OFF phase for each 

subject and for both low and maximal stimulation.  

For the measurements with the VNS, the difference in heart rate was only assessed between the 

epochs of the ON phase and the epochs of the OFF phase.  

Figure 8: Three lead wire ECG system. A lead II ECG was obtained from the 

negative electrode of the right arm, which was placed below the clavicle of the right 

shoulder, and the positive electrode of the left leg, which was placed below the left 

pectoral muscle near the apex of the heart.  
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3.3.3 Heart rate variability analyses 

The HRV was obtained from the lead II ECG from the last ten minutes of the measurement with 

the tVNS. The last ten minutes existed of five minutes of no stimulation (period 7) and five minutes 

of continuous tVNS stimulation at low stimulation intensity (period 8). With the use of Matlab the 

R-peaks of the QRS-complex of the ECG were detected and the R-R intervals were calculated. The 

R-R intervals were loaded into the Kubios HRV standard software (version 3.0.2) to analyse the 

HRV and to calculate the time-domain parameters and frequency-domain parameters. Artefacts in 

the R-R interval due to ectopic beats or missed peak detection were corrected in Kubios by choosing 

an appropriate correction level which removed the artefacts. When corrections were applied, 

detected artefact beats were replaced using cubic spline interpolation (75,77). 

 

The default settings of Kubios were used for the further analysis, because those preference values 

were designed for short-term human HRV recordings (75). In the time-domain the standard 

deviation of the normal-to-normal R-R interval (SDNN) and the root mean square of successive 

differences (RMSSD) were calculated. The R-R intervals were represented in Kubios in the form of 

a discrete event series (DES), which was the plot of R-R interval vs time. For the frequency-domain, 

the spectrum of the HRV signal was generally calculated by interpolating the DES. It was advised 

to calculate the Power Spectral Density (PSD) of the DES with the non-parametric method (77). 

In Kubios the spectrum is estimated with the non-parametric Welch’s periodogram (75). 

Subsequently, the low frequency (LF) component (0.04 to 0.15 Hz), the high frequency (HF) 

component (0.15 to 0.4 Hz) and the LF/HF ratio were calculated (20,75,77,78).  

 

3.4 Statistical analysis 

To test if there are differences in the effect of tVNS on the study parameters during the ON phase 

compared to periods of no stimulation, paired-samples t-tests were used. For pupil diameter 

parameters and the heart rate the mean ON phase between low intensity stimulation and maximal 

intensity stimulation was compared with the mean OFF phase between low intensity and maximal 

intensity stimulation. For the heart rate the mean ON phase was also compared with the baseline. 

For HRV parameters the ON phase was compared with the OFF phase. The paired-samples t-tests 

were performed for each stimulation location individually.  

 

To test if the effects of tVNS only occur during cymba conchae stimulation and not during earlobe 

stimulation, also paired-samples t-tests were performed. For each study parameter the difference 

was calculated between the mean ON phase and the mean OFF phase for each subject. The 

differences during cymba conchae stimulation were compared with differences during earlobe 

stimulation with the use of a paired-samples t-test.  

 

The differences between low intensity tVNS and maximal intensity tVNS were only assessed for the 

pupil diameter parameters and the heart rate. To test for these differences also paired-samples t-

tests were performed. The difference between the ON phase and OFF phase during low stimulation 

were calculated for the pupil diameter parameters and for the heart rate for each subject and were 

compared with the difference between the ON phase and the OFF phase during maximal 

stimulation. For the heart rate the ON phase of both stimulation intensity was also compared with 

the baseline.  

 

For the effect of VNS on the heart rate and pupil diameter, the ON phase was compared with its 

OFF phase with the use of a paired-samples t-test.  
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4. Results 

4.1 Subjects 

A total of 29 subjects are included in this study. The group of healthy subjects consist of 21 subjects 

with a mean age of 34 (19-55) years, the group of epilepsy patients without a VNS consist of 4 

subjects with a mean age of 47 (33-64) years, and the group of epilepsy patients with a VNS also 

consist of 4 patients, with a mean age of 51 (34-59). An overview of the subject characteristics 

together with the used (t)VNS settings during the measurements are shown in table 1. No subjects 

are excluded based on the exclusion criteria.  

Subjects Sex Age 

(y) 

Intensity tVNS 

cymba conchae 

[low(mA)/max(mA)] 

Intensity tVNS 

earlobe 

[low(mA)/max(mA)] 

Duration 

epilepsy 

(y) 

Healthy subjects                                                                          n/a  

C01 F 24 1.5/4.5 1.6/4  

C02 M 54 1.8/3.6 0.5/1.8  

C03 M 25 1.2/3.2 1.3/3.5  

C04 F 33 1.3/5 1.2/4.4  

C05 M 29 2.7/4.8 1.3/4.7  

C06* F 22 0.7/4.2 1.4/4.2  

C07* F 55 1.3/4.6 1.9/3.5  

C08 F 53 0.9/2.5 1.7/4.5  

C09 M 25 0.8/2.9 1/3.9  

C10 F 37 0.8/5 0.6/5  

C11 M 29 1.1/5 1.7/5  

C12 F 22 2.5/3.7 0.4/1.8  

C13 M 19 1.3/1.7 1.7/2.9  

C14 M 21 2.9/5 1.8/3.5  

C15 F 54 2.7/5 1.9/5  

C16* F 25 3/5 1.8/5  

C17* M 52 2.2/5 2/4.6  

C18* M 25 1.6/3.8 1/2.1  

C19* F 50 1/5 0.9/5  

C20* F 43 1.5/5 1.4/3  

C21 F 29 1.3/5 1.3/5  

      

Epilepsy patients without VNS 

P01 M 33 2/5 0.9/5 5 

P02 F 64 1.5/4.5 1.5/5 28 

P03 M 36 2.5/5 1.2/4 34 

P04 F 56 1.2/5 2.5/5 1 

      

Epilepsy patient with VNS       VNS settings [mA/Hz/μ s/s  ON/min OFF] 

PV01 M 34 1.75/30/500/30/5 23 

PV02 F 53 1/30/250/30/5 53 

PV03 M 59 1.25/30/250/30/5 9 

PV04 F 56 1.75/30/250/30/5 10 

Table 1: Subject characteristics. Subjects with an asterisk are patients who started first with cymba 

conchae stimulation and thereafter with earlobe stimulation.  
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4.2 Pupil diameter 

Due to some technical problems with the recording software of the Tobii Glasses Eyetracker Device, 

the pupil diameter recordings for the earlobe measurement are missing for healthy subject C16 and 

healthy subject C21. Due to too many missing data points in the pupil diameter recordings, the 

cymba conchae measurement is excluded for C21, for P04 and for PV03. The earlobe measurement 

is excluded for P04. For other subjects a part of the measurement is excluded, due to too many 

missing data. Appendix E show which subjects had missing data.  

 

From the pupil diameter recordings of the 10 trials during each stimulation condition, the average 

pupil diameter recording is calculated. Figure 9 shows an example of the pupil diameter recordings 

of the 10 trails together with the average of those trials. This recording is from one the healthy 

subject (C01) during the ON phase of low intensity tVNS stimulation. More figures of the used 

data during the analysis are shown in Appendix F.  

 

Figure 10 shows the average pupil diameter recordings of all the healthy subjects during the ON 

phase of tVNS stimulation and the OFF phase of tVNS stimulation at the cymba conchae and the 

earlobe for both eyes. This figure shows that there is an increase in the resting pupil diameter during 

the ON phase compared with the OFF phase for both stimulation locations and both eyes. The 

figure also shows that the constriction amplitude increases during tVNS stimulation.  

 

The paired-samples t-test shows a statistically significant increase in the resting pupil diameter 

during the ON phase of tVNS compared with the OFF phase of tVNS for the healthy subjects 

Figure 9: The pupillary response of the left eye of subject C01 during the ON phase of low cymba 

conchae stimulation. The pupil diameter recordings of the ten trials are plotted. Also, the mean of 

the ten pupil diameter recordings is calculated and is pictured with the black line. Two seconds after 

the start of a trial, the white disk appears on the computer screen for 1.5 second, which provokes a 

pupillary light reflex.  

Onset light stimuli 

End light stimuli 
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(p<0.05). Both the left eye and the right eye show this statistically significant increase (p < 0.05) 

and the increase is shown for both stimulation locations (p < 0.05). The statistical results are shown 

in table 2. With regard to the constriction amplitude a statistically significant increase is shown in 

both eyes during cymba conchae stimulation (p < 0.05) (table 2) and only in the left eye during 

earlobe stimulation (p < 0.05) (table 2). Appendix F shows a table with the average values fort the 

pupil diameter parameters.  

 

Statistically significant increases in the pupil diameter parameters are shown for cymba conchae 

stimulation and earlobe stimulation (table 2). When comparing the effect of cymba conchae 

stimulation with the effect of earlobe stimulation, the paired-samples t-test show that there is no 

statistically significant difference in the effect of stimulation location for the resting pupil diameter 

(left: t(15)=1.31, p=0.210, right z=-1.26, p=0.21) and the constriction amplitude (left: t(15)=0.68, 

p=0.51, right: t(13)=1.66, p=0.12). During cymba conchae stimulation also no statistically 

significant differences in the pupil diameter parameters are shown between the left eye and right 

eye during the ON phase (resting pupil diameter: t(16)=-0.46, p = 0.65, constriction amplitude: 

t(16)=-0.47, p=0.65) and during the OFF phase (resting pupil diameter: t(16)=-0.53, p = 0.61, 

constriction amplitude: t(16)=-0.54, p=0.6). During earlobe stimulation also no statistically 

Figure 10: Pupil diameter recording during the ON and the OFF phase of both eyes and both stimulation 

locations. The figure in the top left shows the pupil diameter recording for the left eye during cymba 

conchae stimulation. Top right shows the pupil diameter recording for the left eye during earlobe 

stimulation. The two bottom figures show the pupil diameter recordings for the right eye. The bottom 

lefts show the results during cymba conchae stimulation and the bottom right during earlobe stimulation. 

The time of 6 seconds is the duration time of a trial. At 2 seconds the light stimulus is given to provoke 

a pupillary light reflex. The resting pupil diameter is calculated 1 second prior to the onset of the light 

stimuli. The constriction amplitude is the difference between the minimal pupil diameter after the onset 

of the light stimuli and the resting pupil diameter. PD = pupil diameter.  
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significant differences in the pupil diameter parameters are shown between the left eye and the right 

eye during the OFF phase (resting pupil diameter: t(12)=-1.46, p = 0.17, constriction amplitude: 

t(11)=-1.99, p=0.07). During the ON phase no statistically significant difference is shown between 

the left eye and the right eye for the constriction amplitude (t(13)=-1.64, p = 0.12). However, a 

statistically significant difference is shown for the resting pupil diameter (z=-2.56, p=0.01) between 

the right and left eye. The resting pupil diameter is larger for the right eye. 

 

Looking at the results more detailed, the ON and OFF phase during low intensity tVNS stimulation 

are separated from the ON and OFF phase during maximal intensity tVNS stimulation. Figure 11 

shows the average pupil diameter recording for the healthy subjects during low intensity stimulation 

and maximal intensity stimulation during both cymba conchae stimulation and earlobe stimulation. 

The results are shown for the left eye and show that there is an increase in the resting pupil diameter 

and the constriction amplitude during both low intensity and maximal intensity stimulation for 

both stimulation locations. The same results are shown for the right eye. A figure with the average 

values for all subjects during the different measurement conditions is shown in Appendix F 

 

Figure 11: Pupil diameter recording during the ON and the OFF phase of the left eye during both low 

intensity stimulation and maximal intensity stimulation. The figure in the top left shows the pupil 

diameter recording for the left eye during low intensity cymba conchae stimulation. Top right shows the 

pupil diameter recording for the left eye during maximal intensity cymba conchae stimulation. The two 

bottom figures show the pupil diameter recordings during earlobe stimulation. The bottom left shows 

the results during low intensity and the bottom right during maximal intensity. The time of 6 seconds 

is the duration time of a trial. At 2 seconds the light stimulus is given to provoke a pupillary light reflex. 

The resting pupil diameter is calculated 1 second prior to the onset of the light stimuli. The constriction 

amplitude is the difference between the minimal pupil diameter after the onset of the light stimuli and 

the resting pupil diameter. PD = pupil diameter.  
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Comparing the effect of low intensity stimulation between the ON phase and the OFF phase with 

the effect of maximal intensity stimulation between the ON phase and the OFF phase, the paired 

samples t-test shows no statistically significant differences in the effects for the resting pupil 

diameter for both cymba conchae stimulation (left: t(17)=-0.75, p=0.46, right: t(16)=-0.3, p=0.77) 

and earlobe stimulation (left: t(16)=0.28, p=0.78, right: t(13)=0.33, p=0.75). Also no statistically 

significant differences are shown for the constriction amplitude (cymba conchae: left: t(17)=-0.39, 

p=0.71, right: t(16)=0.05, p=0.96. Earlobe: left: t(16)=-0.09, p=0.93, right: t(13)=-0.04, p=0.97). 

 

The paired-samples t-test show a statistically significant increase in the resting pupil diameter and 

the constriction amplitude during the ON phase compared with the OFF phase for both stimulation 

intensities at the cymba conchae and both eyes. Table 2 shows the statistical results. For earlobe 

stimulation, a statistically significant increase in the resting pupil diameter and constriction 

amplitude is shown during low tVNS stimulation for both eyes (table 2). Maximal stimulation only 

shows a statistically significant increase in the resting pupil diameter of the left eye.  

 

With regard to the patients without a VNS, the results show almost no differences between the ON 

phase and the OFF phase during cymba conchae stimulation for both eyes. During earlobe 

stimulation the resting pupil diameter and the constriction amplitude slightly increase during the 

ON phase compared OFF phase.  

The results of cymba conchae stimulation also shows almost no differences in rest pupil diameter 

and constriction amplitude of both eyes during the ON phase compared to the OFF phase of low 

stimulation. For maximal stimulation a decrease in pupil diameter and constriction amplitude is 

shown for both eyes during the ON phase compared to the OFF phase. Earlobe stimulation also 

shows almost no differences in the rest pupil diameter and constriction amplitude for both eyes 

during the ON phase of low and maximal tVNS stimulation compared with its OFF phase. Mean 

values are shown in Appendix F. No statistical tests are performed because of the low number of 

subjects and due to too much missing data.  

 

Epilepsy patient with a VNS shows an increase in resting pupil diameter and constriction amplitude 

for both eyes during the ON phase compared with the OFF phase. Appendix F shows the mean 

results these patients. For this group no statistical tests are performed.  

 

 

 Cymba conchae stimulation Earlobe stimulation 

Resting PD Left R ight Left R ight 

ON vs OFF t(17)=4.8, p=0.0002 t(16)=4.9, p=0.0002 z=-3.3, p=0.001 z=-2.3, p=0.02 

ON low vs OFF low t(18)=4.1, p=0.001 t(16)=3.9, p=0.001 t(16)=3.4, 

p=0.004 

t(16) = 2.3, 

p=0.04 

ON max vs OFF max z= -3.6, p=0.0003 z= -3.3, p=0.001   z= -2.1, p=0.03 t(13)=1.5, p=0.15 

     

Constriction 

amplitude 

Left R ight Left R ight 

ON vs OFF t(17)=3.8, p=0.001 t(16)=3.8, p=0.002 z= -2.9, p=0.004 t(13)=1.8, p=0.09 

ON low vs OFF low t(18)=3.1, p=0.006 t(16)=3.1, p=0.007 z = -2.7, p=0.006 z= -2.1, p=0.04 

ON max vs OFF max t(17)=3.4, p=0.003 t(17)=2.8, p=0.013 z= -1.8, p=0.07 t(13)=1.9, p=0.08 

Table 2:  The results of the paired-sampled t-test for the pupil diameter parameters for the different 

measurement conditions. 
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4.3 Heart rate  

For every subject the heart rate was calculated for each epoch of 25 seconds over the complete 

measurement, which resulted in 30 calculated heartrates. All the epochs were visually inspected for 

missing peaks and noise. No measurements or stimulation conditions had to be excluded due to too 

much missing epochs.  

 

Figure 12 shows the results for the heart rate for the healthy subjects during the baseline, the ON 

phase of tVNS stimulation and the OFF phase of tVNS stimulation. Overall, the healthy subjects 

show a decrease in heart rate during the ON phase of tVNS stimulation compared with the heart 

rate during the baseline and the OFF phase. These results are obtained for both cymba conchae 

stimulation and earlobe stimulation. Appendix G shows the individual results for the heart rate 

during the baseline, ON phase and OFF phase in a table.   

 

The paired-samples t-test show a statistically significant decrease in the heart rate during the ON 

phase of tVNS stimulation compared with the OFF phase of tVNS stimulation. These results are 

obtained during both cymba conchae stimulation (t(20)= -5.63, p=0.00002) and earlobe stimulation 

(t(20)=-5, p=0.00007). No statistically significant differences in the heart rate are shown between 

the baseline and the ON phase of tVNS stimulation during both cymba conchae stimulation 

(t(20)=-1.93, p=0.07) and earlobe stimulation (t(20)=-1.92, p=0.07).  

 

 

Figure 12: The average heart rate of all the healthy subjects during the baseline, the ON phase of tVNS 

stimulation and the OFF phase of tVNS stimulation. The mean heart rate in beats per minute (bpm) 

in the three measurement conditions is given as the purple dot. The red plus sign is an outlier. The left 

figure shows the results during cymba conchae stimulation and the right figure shows the results during 

earlobe stimulation. The red line is the median. * means that there is a statistically significant difference 

with p < 0.05. 

* 

* 
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Cymba conchae and earlobe stimulation shows the same effects on the heart rate during tVNS 

stimulation compared with the OFF phase and the baseline (figure 12). The paired-samples t-test 

do not show significant differences between the effect of cymba conchae stimulation and earlobe 

stimulation on the heart rate when comparing the ON phase with the OFF phase (t(20)=0.11, 

p=0.91) and comparing the ON phase with the baseline (t(20)=0.14, p=0.89).  

With regard to the stimulation sequence, 7 out of 21 subjects are measured first with cymba conchae 

stimulation and then with earlobe stimulation (table 1). A carry-over effect of cymba conchae 

stimulation is shown, which result in a statistically significant decreased heart rate during the 

baseline of earlobe stimulation (t(19)=-2.71, p=0.01). 

 

Looking at the results in more detail, the ON phase during low stimulation intensity is now 

separated from the ON phase during maximal stimulation intensity. Figure 13 shows the results of 

the heart rate for all the measurement conditions separately. Both low intensity stimulation and 

maximal intensity stimulation show a decrease in the heart rate during the ON phase compared 

with the OFF phase and compared with the baseline. Appendix G also shows the results of the 

heart rate for each subject individually for low and maximal intensity separately (table G3). 

 

When comparing the effect of low intensity stimulation between the ON phase and the OFF phase 

with the effect of maximal intensity stimulation between the ON phase and the OFF phase, the 

paired-samples t-test shows a statistically significant difference. The effect of maximal intensity 

stimulation on the heart rate shows a statistically significant larger decrease in the heart rate than 

the effect of low intensity stimulation during both cymba conchae stimulation (t(20)=3.13, p=0.005) 

and earlobe stimulation (t(20)=2.95, p=0.008). Despite the statistically significant difference in the 

effect of the two stimulation intensities, both low stimulation and maximal stimulation show a 

statistically significant decrease in the heart rate during the ON phase compared with the OFF 

phase, see table 3. 

Figure 13: The heart rate results of all the healthy subjects during the different measurement 

conditions. 1 = the baseline, 2 = ON phase during low intensity stimulation, 3 = OFF phase 

during low intensity stimulation, 4 = ON phase during maximal intensity stimulation, 5 = OFF 

phase during maximal intensity stimulation. The purple dot represents the mean heart rate for 

each stimulation condition. * means that there is a statistically significant difference with p 

<0.05.  

* 
* * 

* 

* 



Dieuwke van Dartel                    The effects of transcutaneous vagus nerve stimulation   27 

 

 

 

Comparing the effects of low stimulation between the ON phase and the baseline with the effects 

of maximal simulation between the ON phase and the baseline, the paired samples t-test shows also 

a statistically significant difference during cymba conchae stimulation (t(20)=-2.72, p=0.01), which 

results in a statistically significant larger decrease in heart rate during maximal intensity stimulation 

compared with low intensity stimulation. The paired-samples t-test show a statistically significant 

decrease in the heart rate during maximal intensity stimulation when comparing the ON phase with 

the baseline (t(20)=2.32, p=0.031). No statistically significant difference was shown during low 

intensity stimulation (t(20)=1.2, p=0.244). During earlobe stimulation no statistically significant 

differences in the effect of both stimulation intensities between the ON phase and the baseline are 

shown (z=-1.17, p=0.24). Both stimulation intensities do not show a statistically significant 

difference in the heart rate during the ON phase and the baseline (table 3).  

 

With regard to the epilepsy patients without a VNS, the results show no differences in the heart 

rate during the ON phase compared with the baseline and a very small decrease (0.2 bpm) during 

the ON phase compared with the OFF phase. These results are obtained for cymba conchae 

stimulation. During earlobe stimulation an increase is shown in the heart rate when comparing the 

ON phase with the baseline and also a small increase is shown during the ON phase compared with 

the OFF phase. The individual results of the heart rate are shown in Appendix G. 

Comparing low intensity tVNS stimulation separately from tVNS stimulation at maximal intensities 

during cymba conch stimulation, the results show that during low stimulation the heart rate slightly 

increases compared with the baseline (0.3 bpm) and do not change compared with the OFF phase. 

During maximal stimulation the heart rate is lower compared with the baseline and the OFF phase. 

For earlobe stimulation, an increase in the heart rate is seen during the low stimulation compared 

with the baseline and the OFF phase. During maximal stimulation the heart rate decreases 

compared with the baseline and the OFF phase. The individual results are shown in figure 14.  

 

With regard to the patients with epilepsy and a VNS, the VNS decreases the heart rate during the 

ON phase compared to the OFF phase (figure 15).  

 

 

M easurement condition Cymba conchae stimulation Earlobe stimulation 

ON vs OFF t(20) = -5.63, p = 0.00002 t(20) = -5, p = 0.00007 

ON vs baseline t(20) = -1.93, p = 0.07 t(20) = -1.92, p = 0.07 

Low vs Max t(20) = 3.13, p = 0.005 t(20) = 2.95, p = 0.008 

ON low vs OFF low t(20) = -3.85, p = 0.001 t(20) = -4.1, p = 0.001 

ON low vs baseline t(20) = 1.2, p = 0.24 t(20) = 1.92, p = 0.07 

ON max vs OFF max t(20) = -5.61, p = 0.00002 t(20) = -4.842, p = 0.0001 

ON max vs baseline t(20) = 2.32, p = 0.03 z = -1.72, p = 0.09 

Table 3:  The results of the paired-sampled t-test for the heart rate during the different measurement 

conditions. 
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4.4 Heart rate variability  

The HRV was measured only for the two groups of subjects which were measured with the tVNS. 

The R-R intervals were analysed with the use of Kubios HRV standard software. Appendix H show 

some figures of the used data and the obtained results given by Kubios. No measurements had to 

be excluded.  

 

Figure 16 show the results for the HRV parameters for the healthy subjects during cymba conchae 

stimulation. Figure 17 show the results for the HRV parameters during earlobe stimulation. The 

mean HRV parameters are for the healthy subjects are shown in Appendix H. Overall, for the time-

domain, the results show an increase in the R-R interval for both stimulation locations during 

continuous tVNS stimulation compared with the rest phase. SDNN shows a small decrease during 

the continuous tVNS stimulation of cymba conchae compared with the rest phase and a small 

increase during earlobe stimulation. The RMSSD slightly increases during tVNS compared to the 

rest phase during cymba conchae stimulation as well as during earlobe stimulation.  
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Figure 14: The results of the tVNS measurement on the heart rate for the epilepsy patients without 

a VNS. The results are shown for each of the four epilepsy patients and for all measurement 

conditions. The top figure shows the effects of earlobe stimulation. The bottom shows the effects of 

cymba conchae stimulation. The heart rate is given in beats per minute.  

Figure 15: The results of the measurements with the VNS. Results are 

shown for each patient individually. The heart rate is given in beats 

per minute.  
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The results for the frequency-domain parameters shows a decrease in LF, HF and the LF/HF ratio 

during the tVNS stimulation compared to the rest phase during cymba conchae stimulation (figure 

16). During earlobe stimulation an increase is shown for LF, HF and LF/HF ratio during tVNS 

stimulation compared with the rest phase (figure 17). 

 

The paired-samples t-test shows a statistically significant increase in the R-R interval during 

continuous tVNS stimulation compared with the rest phase during both cymba conchae stimulation 

(t(20)=-3.43, p=0.003) and earlobe stimulation (t(20)=-3.74, p=0.001). SDNN, RMSSD, LF, HF, 

and the LF/HF-ratio do not show significant differences between continuous stimulation compared 

with the rest phase for both stimulation locations, see table 4. 

 

With regard to the effects of cymba conchae stimulation and earlobe stimulation, no differences are 

shown between the effect of cymba conchae stimulation during the continuous stimulation phase 

compared with the rest phase and earlobe stimulation during the continuous stimulation phase 

compared with the rest phase. The paired samples t-test also shows no differences between the 

effect of cymba conchae stimulation and earlobe stimulation for the R-R interval (z=-1.2, p=0.23), 

the SDNN (z=-0.12, p=0.903), the RMSSD (z=-1.2, p=0.23), the LF (z=-0.85, p=0.39), the HF 

(z=-0.92, p=0.36) and the LF/HF ratio (z=-0.85, p=0.39). 

 

The results for the patients with epilepsy show a decrease in RR-interval, SDNN, RMSSD, LF, HF 

and LF/HF ratio during the period of cymba conchae tVNS compared to the rest period (figure 

18). Earlobe stimulation shows an increase in RR-interval, SDNN, RMSSD, LF and LF/HF ratio 

during the ON phase compared to the OFF phase. Only for the HF it shows a decrease during the 

ON phase (figure 19). The mean results are shown in Appendix H.  

Figure 16: The results from the HRV during cymba conchae stimulation for the healthy subjects. 

The ON phase is the phase of continuous tVNS stimulation. The OFF phase is the rest phase prior 

to continuous stimulation. The purple dots are the mean values for each stimulation parameter.  
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 Cymba conchae – ON  vs OFF Earlobe – ON  vs 

OFF 

Cymba conchae vs 

earlobe  

RR t(20)=-3.43, p=0.003 t(20)=-3.74, p=0.001 z=-1.2, p=0.23 

SDNN  z = -1.34, p=0.18 t(20)= -0.16, p=0.88 z=-0.12, p=0.903 

RM SSD z = -0.78, p=0.43 z = -1.78, p = 0.08 z=-1.2, p=0.23 

LF t(20)= 1.48, p=0.15 z = -0.33, p= 0.74 z=-0.85, p=0.39 

HF z = 0.37, p=0.72  z = -1, p=0.31 z=-0.92, p=0.36 

LF/HF t(20)= 1.5, p=0.15 z = -0.09, p=0.93 z=-0.85, p=0.39 

Figure 17: The results from the HRV during earlobe stimulation for the healthy subjects. 

The ON phase is the phase of continuous tVNS stimulation. The OFF phase is the rest phase 

prior to continuous stimulation. The purple dots are the mean values for each stimulation 

parameter.  

Table 4: Results from the paired-samples t-test for the HRV parameters. 

Figure 18: The HRV parameter during cymba conchae stimulation for the patients with 

epilepsy without a VNS. LF/HF is the LF/HF ratio. The left number is during the OFF 

phase and the right number is during the ON phase of tVNS stimulation.  
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5. Discussion  
Here we discuss the results from our study about the effect of tVNS on the pupil diameter, heart 

rate and heart rate variability in healthy subjects and epilepsy patients. Three hypotheses were 

tested for the effects of tVNS. 

 

With regard to the first hypothesis, the overall results of the healthy subjects show a statistically 

significant increase in the pupil diameter parameters, a statistically significant decrease in the heart 

rate and a statistically significant increase in the R-R interval when comparing the ON phase of 

tVNS stimulation with the OFF phase.  

 

With regard to the second hypothesis, no statistically significant differences are shown in the effects 

of cymba conchae stimulation on the study parameters compared with the effects of earlobe 

stimulation on the study parameters.  

 

With regard to the third hypothesis, the results show no statistically significant differences between 

the effect of low stimulation and maximal stimulation on the pupil diameter parameters, and overall 

both stimulation intensities show a significant increase in the pupil diameter parameters during the 

ON phase compared with the OFF phase. With regard to the heart rate, maximal intensity tVNS 

stimulation show a statistically significant larger decrease in heart rate compared with low intensity 

stimulation. The overall results show a significant decrease in the heart rate for both stimulation 

intensities during the ON phase compared with the OFF phase.  

 

5.1 Effect of cymba conchae stimulation compared with earlobe stimulation  

Earlobe stimulation was supposed to be sham stimulation during our measurements, because the 

earlobe is 100% innervated by the greater auricular nerve and because several studies show that 

stimulation of the earlobe does not significantly projects to the same brain regions as the vagal 

projections (23,38,79). Therefore, it was hypothesized that stimulation of the earlobe would not 

have any influence on our study parameters. In our results earlobe stimulation do show significant 

effects on the pupil diameter and heart rate.  

 

One of the reasons that earlobe stimulation does affect the pupil diameter and heart rate could be 

due to the stimulation sequence. Seven healthy subjects were measured first with cymba conchae 

Figure 19: The HRV parameter during earlobe stimulation for the patients with epilepsy 

without a VNS. LF/HF is the LF/HF ratio. The left number is during the OFF phase and 

the right number is during the ON phase of tVNS stimulation. 
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stimulation and then with earlobe stimulation (table 1). This sequence of stimulation could have 

an influence on the results, because of a carry-over effect of cymba conchae stimulation. Regarding 

the heart rate, a carry-over effect is seen in the subjects who started with cymba conchae 

stimulation. These subjects started with a significant lower heart rate during the baseline of earlobe 

stimulation. Despite this decrease in heart rate during the baseline, the heart rate still decreases 

significantly during the ON phase of tVNS stimulation compared with the OFF phase. This is due 

to the earlobe stimulation itself, because during the ON phase the only condition that changes is 

the switch from the tVNS to the ON phase.  

Furthermore, it is seen that for the subjects who are measured first with earlobe stimulation (no 

carry-over effect), the earlobe stimulation also shows an overall decrease in the heart rate and 

increase in the pupil diameter parameters. For these reasons I do not think that the carry over 

effect causes the effects of earlobe stimulation on the study parameters.  

 

Another explanation of the effects of earlobe stimulation on the study parameters could be due to 

the effect of arousal. During the stimulation with the tVNS, subjects feel the stimulation during 

both low and maximal stimulation. During both stimulation intensities all the subjects felt a tingling 

sensation during stimulation. The sensation of stimulation could create an arousal which could have 

an influence on the results. With regard to the pupil diameter, an arousal produces a pupillary 

dilation, which is mediated via the hypothalamus (64). The hypothalamus causes a systemic 

increase in the sympathetic tone, which results in dilatation of the pupil diameter. Our results also 

show an increase in rest pupil diameter and constriction amplitude, so it may be possible that the 

effect of earlobe stimulation on the pupil diameter is caused by an arousal. This arousal could also 

play an important role during stimulation of the cymba conchae, which could bias the results of 

cymba conchae stimulation. I think that the arousal should be considered as a possible cause of the 

increase in the pupil diameter parameters during earlobe stimulation.  

However, if the stimulation sensation causes an arousal, the effect of earlobe stimulation would also 

result in an increase of the heart rate (64). Our results show a decrease in the heart rate during 

earlobe stimulation, which is conflicting. Therefore, I believe that there is more than only an arousal 

which causes the effect of earlobe stimulation on the study parameters.  

 

A study from Frangos et al. shows that earlobe stimulation projects to the caudal ventrolateral 

medulla (38). This projection could explain why earlobe stimulation decreases the heart rate. 

Projection to the caudal ventrolateral medulla could inhibit the rostroventrolateral medulla, which 

is the primary source of excitatory drive to preganglionic neurons in the intermediolateral column 

of the spinal cord. This inhibition would decrease the sympathetic activity, which results in a 

decrease of the heart rate (39,45).  

 

5.2 Pupil diameter healthy subjects 

Results show that tVNS during cymba conchae stimulation significantly increases the rest pupil 

diameter and the constriction amplitude during the ON phase of tVNS stimulation compared with 

the OFF phase of tVNS stimulation. This was also expected in our hypothesis. If the results are 

really due to tVNS stimulation (and not due to an arousal), they can be caused by an activation of 

the sympathetic ANS or by an inhibition of the parasympathetic ANS due to tVNS stimulation. 

Our results show a significant mean increase of 0.2 mm for the resting pupil diameter for both eyes 

during cymba conchae stimulation. This result is comparable with the results of Desbaumes Jodoin 

et al. for the effect of VNS stimulation on the pupil diameter. They showed a significant mean 

increase in resting pupil diameter of 0.23 mm. However, they did not show a significant increase in 

the constriction amplitude. This may be linked to the different light parameters used during the 

measurements.  
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5.3 Pupil diameter epilepsy patients 

The results for the epilepsy patients without a VNS shows similarities and differences compared 

with the healthy subjects. During earlobe stimulation a slight increase in the pupil diameter 

parameters is seen during tVNS stimulation compared with the OFF phase, which is comparable 

with the healthy subjects. For all the other measurement conditions differences are shown. During 

maximal tVNS stimulation at the cymba conchae a decrease in the pupil diameter parameters is 

shown during the ON phase compared with the OFF phase. For all the other measurement 

conditions almost no differences are shown in the pupil diameter recordings between the ON phase 

and the OFF phase. I believe that the differences between this patient group and the healthy 

subjects is due to the low number of patients in the patient group, because only pupil diameter 

recordings were available for 3 patients and from those 3 patients also parts of the measurement 

were missing.  

 

Epilepsy patients with a VNS all show an increase in pupil diameter and constriction amplitude for 

both eyes during the ON phase compared with the OFF phase. These results are similar with the 

healthy subjects. Desbeaumes Jodoin et al. also show an increase in the resting pupil diameter 

within the same range of stimulation intensities as the VSN patients in this study (42). This result 

could be caused by a shift of autonomic balance toward a sympathetic activation or a 

parasympathetic inhibition.  

 

5.4 Cardiac parameters healthy subjects  

As expected from the hypotheses, tVNS stimulation shows a decrease in the heart rate during the 

ON phase compared with the OFF phase, from which I believe that it is caused by the stimulation 

of the ABVN and subsequently by an increase in the parasympathetic ANS or an inhibition of the 

sympathetic ANS.  

 

Maximal intensity tVNS stimulation was supposed to also stimulate the C-fibers of the vagus nerve, 

because the stimulation intensity during maximal stimulation was above the 2.0 mA. In animal 

data is was shown that activation of the C-fibers show autonomic effects such as bradycardia 

(52,53,58). Therefore, it was hypothesized that the effects of tVNS on the heart rate only occurs 

during maximal intensity tVNS stimulation. However, our results do also show a decrease in heart 

rate during low intensity tVNS stimulation when comparing the ON phase with the OFF phase. 

The intensities used in the healthy subjects ranged from 0.7 – 3 mA during low stimulation, from 

which 6 out of 21 subjects had a stimulation intensity above the 2.0 mA during low stimulation. It 

is possible that the relatively high intensities used during low stimulation could cause the results. 

Another explanation is that the A-fibers, which could be stimulated during low stimulation, could 

also cause a decrease in the heart rate. The A-fibers project to the NTS, and stimulation of the 

NTS could subsequently decrease the heart rate by the activation of the parasympathetic ANS or 

the inhibition of the sympathetic ANS.  

 

The decreases in heartrate during cymba conchae stimulation were statistically significant during 

the ON phase of tVNS stimulation compared with the OFF phase. There was only a significant 

difference between the baseline and the ON phase during maximal intensity stimulation. The fact 

that there is an effect between the ON phase and the OFF phase and less effects between the ON 

phase and the baseline, could possibly be explained by the fact that tVNS could cause a 

poststimulation tachycardia (47).  

A tachycardia after stimulation gives higher heartrates during the OFF phase and could be the 

reason that there is a significant difference between the ON phase and OFF phase and that there 

is no significant difference between the baseline and the ON phase. However, when comparing the 

mean heart rate of the baseline during cymba conchae stimulation with the OFF phase during tVNS 
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stimulation, it shows small differences between those heart rates (baseline: 68.4 bpm, OFF phase: 

68.7). It seems unlikely that poststimulation tachycardia is present after tVNS stimulation in our 

results, but there still is a possibility. I also think that the intensity plays a role in the results. Low 

intensity stimulation does show statistically significant differences between the ON and the OFF 

phase, but more stimulation at a maximal intensity also show a statistically significant decrease 

during the ON phase compared with the baseline. I think the effect between the ON phase and the 

baseline is more important than the effect between the ON phase and the OFF phase, because the 

baseline is measured prior to stimulation, so there is no possibility that the baseline could be 

influenced by stimulation.  

 

After the measurement some subjects indicated that maximal stimulation gave an unpleasant or 

painful feeling when the stimulator was turned ON. This pain experience during maximal 

stimulation could affect heart rate, which would result in an increase in heart rate (80). However, 

when regarding the results, these subjects still show a decrease in the heart rate during the ON 

phase compared with the OFF phase.  

 

Except for the R-R interval, none of the HRV parameters show a statistically significant difference 

when comparing the rest phase with the phase of continuous tVNS stimulation. There is a 

statistically significant increase in the R-R interval during tVNS stimulation, which means that 

there is a decrease in the heart rate. This is same as for the results mentioned above. However, 

when the R-R interval shows statistically significant changes due to stimulation of the ABVN, it is 

expected that also more HRV parameter shows statistically significant differences, because the 

autonomic nervous system is activated.  According to the significant increase in RR-interval, it is 

expected that the LF/HF ratio would also decreases significantly which indicates a shift in cardiac 

autonomic balance toward parasympathetic/vagal predominance and thus an increase in HRV (45). 

However, this was not the case according to our results. The results show a decrease in the LF/HF 

ratio, but this was not significant.  

 

5.5 Cardiac parameters epilepsy patients  

With regard to the epilepsy patients without a VNS, the results show no differences in the heart 

rate during the ON phase compared with the baseline and a very small decrease (0.2 bpm) during 

the ON phase compared with the OFF phase. This similar with the effect of the heathy subjects. 

However, the patients group is very low.  

 

Two out of four VNS patients show a decrease in heart rate during the ON phase compared to the 

OFF phase. The result can either occur due to the afferent stimulation of the vagus in the direction 

of the NTS or due to efferent stimulation of the parasympathetic vagus nerve. It should me marked 

that these results are obtained in the two patients with a VNS intensity of 1.75 mA. The other two 

patients have lower intensities (1 and 1.25 mA), so this may indicate again that the stimulation 

intensity could play a role in the results.  

 

5.6 Limitations  

The measurement consisted of two parts of 30 minutes in which the subjects were looking at the 

computer screen. During one part the effect of cymba conchae stimulation were assessed and during 

the other part the effects of earlobe stimulation were assessed. During the course of the study it 

became clear the measurement was very exhausting for some subjects. Some subject had difficulties 

with not falling asleep and other subjects were doing fine during the measurement. When asking 

the fatigue, almost all subjects give higher scores for exhaustion after the measurement compared 

to prior to the measurement. The extend of tiredness could have an influence on the pupil diameter 

recordings with the Tobii Glasses Eye Tracker. When subjects almost fall asleep, they blink a lot 
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and they have more difficulties with looking at the screen on focus on the light stimuli. This could 

cause more missing data in our pupil diameter recordings. Falling asleep could also influence the 

heart rate, because during sleep the heart rate decreases. A decrease is also shown in our results. 

However, I do not think that our results are affected by sleepiness, because there were no subjects 

that really felt asleep during the measurement. During our measurements we also have tried to 

control for the effect of tiredness by varying the location sequence between the subjects, so not all 

subjects were measured first with earlobe stimulation and then with cymba conchae stimulation. 

However, it should be considered to adjust the duration of the measurement to reduce the extend 

of tiredness. 

 

Another point with regard to the measurement procedure, is that the start of tVNS stimulation 

was not automatically linked with the times of the ECG recordings. Our electrodes were also not 

capable of detecting tVNS stimulation. Therefore, the electrode in the neck was pushed manually 

to create an artefact in one of the ECG leads, which could be linked to our ECG data. It was tried 

to push the electrode as accurate as possible, but there still is some inaccuracy. To control for this 

during the heart rate analyses, it was chosen to take the epochs a little bit smaller. Therefore, it 

was chosen to take epochs of 25 seconds instead of 30 seconds. However, it is preferred for the future 

to capture the stimulation of the tVNS in a more automatic way. For example, if we are able to 

start the measurement with the eye tracker at the exact same time as the ECG recordings, the data 

from the eye tracker could be used to determine very accurate when tVNS was started. During this 

study we were not able to start the all the measurement equipment at the same time.  

 

During this study the statistical analyses are performed with the use of paired-samples t-test. It 

was also considered to use a Mixed model test to test for the effects of tVNS on the pupil diameter, 

heart rate and HRV. However, this model compares all the different measurement conditions with 

each other and also makes a correction for all the comparisons. During our analysis we do not 

compare all the measurement conditions with each other. For example, we do not compare the OFF 

phase of low intensity stimulation during earlobe stimulation with the ON phase of maximal 

stimulation during cymba conchae stimulation. The mixed model does make this comparison. 

Therefore, we have decided that the mixed model test has too much power to use for our analysis 

an instead of the mixed model test, paired-samples t-test were used.  

 

Further, the carry-over effect. A carry-over effect was seen during the heart rate analysis. Despite 

the carry-over effect, we used all subjects for our analysis. The carry-over effect was not calculated 

for the pupil diameter and the HRV, because we did not have the baseline values for these two 

parameters.  

 

The overall results are statistically significant for the healthy subjects. For the epilepsy patients 

there are effects of (t)VNS on the pupil diameter, heart rate and HRV, but due to the low number 

of patients it could not be tested if these effects are significant of not. More patients should be 

included to investigate the significant differences of (t)VNS stimulation on the pupil diameter, heart 

rate and HRV in epilepsy patients.  

 

6. Conclusion 
The main finding of this study is that tVNS shows a statistically significant increase in the pupil 

diameter recordings and a statistically significant decrease in the heart rate during the ON phase 

compared with the OFF phase. However, these results are shown during both cymba conchae 

stimulation and earlobe stimulation. Therefore, it cannot be concluded from this study that the 

effects of cymba conchae stimulation on the pupil diameter and the heart rate are caused by the 

activation of the ABVN and subsequently of the NTS.  
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Appendix 
A: Questionnaires – Healthy subjects  

PERSONALIA 

Patiënt 

Studie-nummer  IC getekend  

Leeftijd   

Geslacht (m/v)  

Lengte (m)  

Gewicht (kg)  

ANAMNESE 

Roken? Zo ja, wanneer voor 
het laatst?  

 

Alcohol? Zo ja, wanneer 
voor het laatst?  

  

Drugs? Zo ja, wanneer voor 
het laatst? 

 

Koffie? Zo ja, wanneer voor 
het laatst?  

 

 Heeft u een ziekte? Zijn er 
belangrijke medische 
gebeurtenissen in uw 
voorgeschiedenis?  

 
 
 

 Gebruikt u medicatie? Zo ja, 
welke medicatie?  
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A: Questionnaires – Epilepsy patients without VNS 

PERSONALIA 

Patiënt 

Studie-nummer  IC getekend  

Leeftijd   

Geslacht (m/v)  

Lengte (m)  

Gewicht (kg)  

ANAMNESE 

Roken? Zo ja, wanneer voor 
het laatst?  

 

Alcohol? Zo ja, wanneer 
voor het laatst?  

  

Drugs? Zo ja, wanneer voor 
het laatst? 

 

Koffie? Zo ja, wanneer voor 
het laatst?  

 

Heeft u nog andere ziekten? 
Zijn er nog belangrijke 
medische gebeurtenissen in 
uw voorgeschiedenis?  

 
 
 

Gebruikt u medicatie? Zo ja, 
welke medicatie? 

 
 
 
 
 
 

 
 

Epilepsie  

 
Hoe lang hebt u al 
epilepsie?  
 

 
 

 
Hoe werken de anti-
epileptica?  
 

 
 

 
Wat voor soort epilepsie 
hebt u?  
 

 
 

 
Wat voor soort aanvallen 
hebt u? 
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Hoe vaak hebt u aanvallen?  
 

 
 

 
Wanneer was uw laatste 
aanval?  
 

 
 

 
Hoe lang duurt een 
gemiddelde aanval?  
 

 
 

Nervus vagus stimulator Ja Nee 
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A: Questionnaires – Epilepsy patients with VNS 

PERSONALIA 

Patiënt 

Studie-nummer  IC getekend  

Leeftijd   

Geslacht (m/v)  

Lengte (m)  

Gewicht (kg)  

ANAMNESE 

Roken? Zo ja, wanneer voor 
het laatst?  

 

Alcohol? Zo ja, wanneer 
voor het laatst?  

  

Drugs? Zo ja, wanneer voor 
het laatst? 

 

Koffie? Zo ja, wanneer voor 
het laatst?  

 

 Heeft u nog andere 
ziekten? Zijn er nog 
belangrijke medische 
gebeurtenissen in uw 
voorgeschiedenis? 

 
 
 

 Gebruikt u medicatie? Zo ja, 
welke medicatie?  
 

 
 
 
 
 
 
 
 

Epilepsie  

 
Hoe lang heeft u al 
epilepsie? 
 

 
 

Hoe werken de anti-
epileptica?  
 

 
 

 
Wat voor soort epilepsie 
heeft u?  
 

 
 

 
Wat voor soort aanvallen 
heeft u?  
 

 
 

 
Hoe vaak heeft u aanvallen?  
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Wanneer was uw laatste 
aanval?  
 

 
 

 
Hoe lang duurt een 
gemiddelde aanval?  
 

 
 

Nervus vagus stimulator 
(NVS)  

Ja Nee 

 
Hoe lang heeft u al een 
NVS? 
 

 

 
Wat zijn uw ervaringen met 
een NVS?  
 
 

 

 
Wat zijn de instellingen van 
uw NVS? 
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B: Trials presented for the pupil diameter recordings 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B1: An overview of what is happening on the computer screen during the measurement. During period 1,2,4,5 

and 7 subjects were looking at a black computer screen. During period 3,6 and 8 the trials with the light stimuli 

were shown to provoke a pupillary light reflex. Between the trials there were pauses in which the screen was black. 

. . 

Period 1 + 2 Period 3 Period 4 + 5 Period 6 Period 7 Period 8 
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C: Measurement set-up  
The measurements were performed in a quiet room with an ambient lighting level op 340 lux. A 

controlled ambient lighting level was chosen instead of complete darkness to avoid a ceiling effect 

in the baseline pupil size (1). If the room was completely dark, the pupil has its maximal size and 

has no opportunity to become larger due to tVNS. If the room was not completely dark, it could 

also be studied if the tVNS increased the baseline pupil diameter.  

 

Subjects were also asked not to talk during the measurement, because talking could influence the 

blood pressure and heart rate (2,3). Listening could also influence the blood pressure and heart rate. 

Therefore it was chosen to perform the measurements in a quiet room (2). 

 

Figure C1 shows the measurement set-up of the measurement. The pupil diameter was measured 

with the Tobii Glasses Eye Tracker Device (Tobii Technology) (4) from the BMSlab powered by 

Tech4People from the University of Twente. The Tobii Glasses consisted of a wearable eye tracker 

(glasses), which was the head unit, and a recording unit. The recording unit was connected to the 

head unit via a HDMI cable. The recording unit held the battery and stored the recorded data on 

a SD memory card. The recording unit was controlled from a tablet running controller software. 

Pupil diameters were recorded with a sample frequency of 50Hz or 100Hz, depending on which 

Tobii Glasses Eye Tracker Device was provided by the BMSlab. More information about the Tobii 

Glasses Eye Tracker Device can be found in Appendix D.  

 

To facilitate the heart rate and HRV analysis, electrocardiogram (ECG) recordings were made with 

the Philips IntelliVue MP30 monitor, and recorded and stored with the use of ixTrend Express 

software (ixellence GmbH, Germany) and a sample frequency of 500Hz. Electrodes were placed 

below the clavicle of the right shoulder, below the clavicle of the left shoulder, below the pectoral 

muscle near the apex of the heart, and at the back of the right hand of the subject. Also, two 

electrodes were placed in the neck of the subject. For the patients with epilepsy and a VNS, these 

two electrodes were placed over the VNS electrode on the left side of the neck to record episodes of 

Figure C1: The measurement set-up for the measurements. The Tobii Glasses 2 Eye Tracker 

Device was placed on the subject’s head. The ECG electrode were all applied. In this case 

it was a measurement with the tVNS, so electrode in the neck were place on both sides of 

the neck. Subjects sat in front of a computer screen situated at a distance of 50 cm. 
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stimulation. For the other two group of subjects, one electrode was placed at the 

sternocleidomastoid muscle on the left side of the neck and one at the sternocleidomastoid muscle 

on the right side of the neck.  

 

During the measurement pressure was applied on one of the electrodes when a new period started. 

Applying pressures created an artefact in the ECG signal, which was used as a marker for period 

transition during the analysis. According to the literature it is not possible to evoke a baroreflex by 

pressing the electrode in the neck, so it is assumed that pressing the electrode does not affect the 

heart rate or HRV (5,6). To create a baroreflex pressure must be applied for at least five seconds 

at the carotid sinus (5). That was not the case in this study 
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D: Tobii Glasses Eye Tracker Device   
During this study the Tobii Glasses Eye Tracker Device (Tobii Technology) from the BMSlab 

powered by Tech4People from the University of Twente was used. The Tobii Glasses consists of a 

wearable eye tracker (glasses), which is the head unit (figure D1), and a recording unit (1). The 

recording unit is connected to the head unit via a HDMI cable. The recording unit hold the battery 

and stores the recorded data on a SD memory card. The recording unit was controlled from a tablet 

running controller software. 

There are several different techniques to detect and track the movements of the eyes. The Tobii 

eye tracker uses near-infrared illumination to create reflection patterns on the cornea and pupil of 

the eye of the subject and optical image sensors are used to capture images of the eyes and the 

reflection patterns (2). Advanced image-processing algorithms and a physiological 3D model of the 

eye are then used to estimate the position of the eye in space and the point of gaze with high 

accuracy. Figure D2 shows how the wearable Tobii eye tracker works (2).  

 

Before an eye tracking measurement is started, a calibration procedure has to be performed. During 

this calibration procedure, the eye tracker measures characteristics of the subject’s eyes and uses 

them together with the internal, physiological 3D eye model to calculate the gaze data (3). This 

physiological 3D model included information about shapes, light refraction and reflection properties 

of the different parts of the eyes (3).  

During the calibration the subject is asked to look at a specific point on the screen of the tablet 

which runs the controller software. During the period of calibration several images of eyes are 

collected and analyzed. The resulting information is then integrated in the eye model and the gaze 

point for each image sample is calculated (3). During the calibration the dark pupil method is 

tested. The dark pupil method is an illumination setup where an illuminator is placed away from 

the optical axis causing the pupil to appear darker than the iris. Ethnicity is an factor that affect 

the dark pupil response (4). 

 

The Tobii Glasses Eye Tracker Device measures the pupil diameter with the use of the optical 

sensors. The optical image sensors register an image of the eyes which is then used to calculate 

parameters to adjust the eye model algorithms (5). The eye model provides information about the 

distance between the eye and the sensors. With the use of that information the firmware can 

calculate the pupil size by measuring the diameter of the pupil on the image and multiply it with 

a scaling factor (5).  

Figure D1: The Tobii Glasses Eye Tracker Device head unit (1). 
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Figure D2: The working mechanism of a wearable Tobii Glasses Eye Tracker Device (2). 
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E: Missing parts of the pupil diameter recordings 

 

 

 

 

 

 

 

 

 

 

 

Part of the data that has to be 

excluded 

Subjects from which this part is excluded 

Cymba conchae Earlobe 

Measurement of the left eye PV03 C12, C18 

Measurement of the right eye C20 C01, C20 

ON phase low stimulation C15 (R) P02, P03 

OFF phase low stimulation C15 (R), C16 P02, P03 

ON phase maximal stimulation  C15, C16 (L) C15 (R) 

OFF phase maximal stimulation  C15, C16 (L), P02 C05 (R), C13 (R), C15 (R) 

Table E1: The excluded parts of the measurements for the concerning subjects. C = healthy control, P 

= patients without a VNS, PV = patients with a VNS, (R) = the right eye, (L) = the left eye. 
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F: Pupil diameter results 

Figure F1: This figure shows the pupil diameter recording for the left eye (upper 

figure) and the right eye (bottom figure) for 1 subject. This data is obtained after 

interpolating the data with the use of linear interpolation. Three phases during the 

measurement shows decreases in the pupil diameter. During these phase pupillary 

light reflexes were provoked.  

Figure F2: After interpolation of the pupil diameter recordings (F1) the different 

periods with tVNS stimulation are plotted. This figure shows the pupil diameter 

recordings during period 3 of the measurement for the left eye (upper figure) and 

the right eye (bottom figure). The black dots in the figure represents the onset of 

the light stimuli. 20 light stimuli were given during this period. 10 during the ON 

phase of tVNS stimulation and 10 during the OFF phase.  
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Figure F3: From the 10 different trials during a measurement conditions, the 

average is calculated. This figure shows the average during the ON phase of tVNS 

stimulation of the left eye for all the measured subjects separately. Each line 

represents a subject. This figure shows that there are some variances between the 

different measured subjects.   

 

Figure F4: Pupil diameter recording during the ON and the OFF phase of the right eye 

during both low intensity stimulation and maximal intensity stimulation. The figure in 

the top left shows the pupil diameter recording for the right eye during low intensity 

cymba conchae stimulation. Top right shows the pupil diameter recording for the right 

eye during maximal intensity cymba conchae stimulation. The two bottom figures show 

the pupil diameter recordings during earlobe stimulation. The bottom left shows the results 

during low intensity and the bottom right during maximal intensity.  
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Stimulation 

phase 

Healthy subjects Patients with epilepsy without a VNS 

 Rest PD (mm) Amplitude (mm) Rest PD (mm) Amplitude (mm) 

Cymba conchae Left R ight Left R ight Left R ight Left R ight 

Mean ON 4.1±0.73 4.2±0.53 1.11±0.36 1.15±0.31 3.41±0.3 3.7±0.5 0.89±0.1 0.98±0.22 

Mean OFF 3.9±0.74 4±0.54 1±0.37 1.04±0.31 3.45±0.49 3.7±0.58 0.95±0.21 1±0.26 

ON phase low  4.14±0.73 4.20±0.56 1.12±0.40 1.15±0.33 3.42±0.39 3.74±0.60 0.92±0.15 1.05±0.31 

OFF phase low  3.97±0.73 4.05±0.55 1.03±0.38 1.06±0.31 3.45±0.49 3.67±0.55 0.97±0.24 1±0.26 

ON phase max 4.24±0.83 4.30±0.53 1.16±0.42 1.18±0.34 3.41±0.22 3.67±0.41 0.86±0.05 0.91±0.15 

OFF phase max 4.02±0.80 4.07±0.56 1.05±0.43 1.05±0.34 3.8 4.10±0.02 1.05 1.16±0.03 

Earlobe          

Mean ON 4.1±0.68 4.2±0.55 1.14±0.35 1.17±0.25 3.86±0.66 3.91±0.45 1.13±0.31 1.1±0.24 

Mean OFF 3.9±0.71 4±0.56 1.05±0.35 1.07±0.28 3.77±0.63 3.79±0.47 1.1±0.29 1.05±0.21 

ON phase low 4.05±0.67 4.21±0.53 1.12±0.36 1.18±0.27 4.02 4.11 1.19 1.16 

OFF phase low 3.90±0.68 4.12±0.54 1.04±0.36 1.13±0.28 4.08 4.12 1.26 1.18 

ON phase max 4.13±0.73 4.30±0.54 1.16±0.39 1.20±0.26 3.87±0.66 3.93±0.48 1.13±0.31 1.10±0.25 

OFF phase max 4.00±0.79 4.23±0.53 1.08±0.41 1.15±0.26 3.80±0.61 3.81±0.53 1.12±0.25 1.07±0.22 

Stimulation phase Rest pupil diameter (mm) Constriction amplitude (mm) 

 Left R ight Left R ight 

ON phase of VNS 4.21±1.19 4.17±1.03 1.42±0.81 1.34±0.59 

OFF phase of VNS 4.06±1.07 4.08±0.92 1.27±0.69 1.24±0.47 

Table F1: The mean rest pupil diameter (PD) and the mean constriction amplitude (amplitude) together 

with their standard deviation for the healthy subjects and the epilepsy patients without a VNS. Mean 

are show for the both cymba conchae stimulation, both eye, and all the stimulation phases. For the 

epilepsy patients without a VNS no standard deviation is shown for the pupil diameters during the ON 

and OFF phase of low earlobe stimulation. This is because there is only one subject left for the analysis. 

Table F2: The mean rest pupil diameter and the mean constriction amplitude together with their 

standard deviation for the epilepsy patients with a VNS.  
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G: Heart rate results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Heart rate (bpm) – Cymba conchae 

 
Heart rate (bpm) - Earlobe 

Subject Baseline ON OFF 
 

Baseline ON OFF 

C01 80,7 74,2 78,5 
 

82,7 77,5 81,7 

C02 64,1 61,7 62,8 
 

65,2 64,1 65,6 

C03 56,7 53,5 56,6 
 

55,2 55,8 56,8 

C04 58,0 58,8 61,3 
 

63,6 62,6 63,8 

C05 69,4 70,6 71,0 
 

68,3 72,8 73,2 

C06 83,5 79,6 81,2 
 

80,3 78,8 79,6 

C07 72,6 70,2 70,8 
 

75,1 71,1 72,4 

C08 72,1 69,6 69,6 
 

71,4 73,1 72,9 

C09 60,2 64,9 66,7 
 

71,9 69,4 72,0 

C10 71,4 70,8 72,0 
 

66,4 66,4 66,9 

C11 69,1 70,2 71,9 
 

84,6 80,9 82,6 

C12 77,3 75,0 75,0 
 

79,5 78,8 77,6 

C13 69,1 70,9 70,9 
 

74,7 75,9 77,5 

C14 83,0 76,9 80,6 
 

95,5 84,4 88,5 

C15 61,5 59,7 61,8 
 

65,4 64,0 63,3 

C16 63,4 56,7 59,7 
 

54,5 50,9 54,2 

C17 65,0 64,2 65,9 
 

63,6 63,1 65,2 

C18 48,6 48,5 51,9 
 

48,9 48,6 51,4 

C19 63,8 66,3 66,7 
 

60,4 60,8 63,3 

C20 76,9 76,6 77,1 
 

72,9 70,5 71,4 

C21 69,9 70,9 71,6 
 

74,1 76,9 80,4         

Mean 68,4 67,1 68,7 
 

70,2 68,8 70,5 

SD 9 8,2 7,8 
 

11 9,8 9,8 

 
Heart rate (bpm) – Cymba conchae Heart rate (bpm) - Earlobe 

Subject Baseline ON OFF 
 

Baseline ON OFF 

P01 80,1 77,6 80,6 
 

82,4 80,5 83,5 

P02 72,9 74,1 72,4 
 

80,95 86,8 82,2 

P03 65,6 67,3 67,1 
 

65,25 64,8 65 

P04 67,2 66,6 66,3 
 

70,09 69,3 69,7         

        

Mean  71,4 71,4 71,6 
 

74,7 75,4 75,1 

SD 6,6 5,4 6,6 
 

8,3 10,1 9,2 

Table G1: The heart rate results for each healthy subject during the baseline, the mean ON phase 

and the mean OFF phase. Also, the mean is given and the standard deviation (SD). 

 

  

 

Table G2: The heart rate results for the epilepsy patients during the baseline, the mean ON 

phase and the mean OFF phase. Also, the mean is given and the standard deviation (SD). 
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Cymba conchae stimulation Earlobe stimulation 

Subject Baseline ON low OFF low ON max OFF max Baseline ON low OFF low ON max OFF max 

P01 80,1 80,3 81,3 74,9 79,8 82,4 81,8 85,2 79,2 81,7 

P02 72,9 74,0 72,2 74,3 72,7 80,95 93,3 85,1 80,4 79,2 

P03 65,6 66,2 67,6 68,3 66,5 65,25 65,5 65,4 64,2 64,6 

P04 67,2 66,5 66,1 66,7 66,5 70,09 70,4 71,0 68,3 68,3            

Mean  71,4 71,7 71,8 71,0 71,4 74,7 77,7 76,7 73,0 73,5 

SD 6,6 6,8 6,9 4,1 6,3 8,3 12,4 10,1 8 8,3 

Cymba conchae stimulation Earlobe stimulation 

Subject Baseline ON Low OFF Low ON Max OFF Max Baseline ON low OFF low ON  max OFF max 

C01 80,7 75,2 79,3 73,2 77,6 82,65 78,9 82,5 76,0 80,9 

C02 64,1 63,1 63,3 60,4 62,3 65,2 64,6 65,5 63,6 65,7 

C03 56,7 54,5 57,6 52,4 55,5 55,15 54,8 56,7 56,7 56,8 

C04 58,0 59,2 60,0 58,4 62,6 63,55 62,2 63,8 63,0 63,8 

C05 69,4 70,2 71,6 70,9 70,3 68,3 71,5 72,5 74,0 73,9 

C06 83,5 82,1 82,2 77,1 80,2 80,3 78,7 79,3 78,8 79,9 

C07 72,6 71,0 70,6 69,3 70,9 75,1 71,1 71,9 71,0 72,9 

C08 72,1 70,1 70,4 69,0 68,8 71,35 74,6 73,7 71,6 72,1 

C09 60,2 63,0 65,0 66,8 68,3 71,9 69,8 71,4 68,9 72,6 

C10 71,4 70,4 71,4 71,2 72,6 66,4 66,6 67,0 66,1 66,7 

C11 69,1 72,0 72,8 68,5 71,0 84,55 82,3 84,4 79,4 80,8 

C12 77,3 75,2 76,0 74,8 74,0 79,45 80,3 78,9 77,3 76,2 

C13 69,1 71,7 71,5 70,1 70,3 74,65 74,5 75,5 77,2 79,4 

C14 83,0 78,2 80,9 75,6 80,2 95,45 91,1 93,8 77,6 83,2 

C15 61,5 60,2 61,5 59,2 62,1 65,4 64,9 64,2 63,0 62,3 

C16 63,4 57,4 59,8 55,9 59,5 54,45 51,8 52,8 49,9 55,6 

C17 65,0 64,9 66,1 63,5 65,6 63,55 63,4 64,4 62,8 65,9 

C18 48,6 48,6 49,9 48,5 53,9 48,9 47,5 48,6 49,7 54,1 

C19 63,8 65,3 65,7 67,3 67,7 60,35 59,4 61,8 62,1 64,7 

C20 76,9 78,6 77,6 74,7 76,6 72,85 71,6 71,6 69,4 71,2 

C21 69,9 71,2 71,0 70,6 72,2 74,05 76,3 79,3 77,5 81,4            

Mean 68,4 67,7 68,8 66,6 68,7 70,2 69,3 70,5 68,4 70,5 

SD 9,0 8,5 8,3 8,0 7,4 11,0 10,7 10,9 9,1 8,9 

Table G3: the heart rate results for the healthy subjects during the baseline, the ON and OFF phase 

during low intensity tVNS stimulation, and the ON and OFF phase during maximal intensity tVNS 

stimulation. Also, the mean is given and the standard deviation (SD).  

 

  

 

Table G4: the heart rate results for the epilepsy patients during the baseline, the ON and OFF phase 

during low intensity tVNS stimulation, and the ON and OFF phase during maximal intensity tVNS 

stimulation. Also, the mean is given and the standard deviation (SD).  
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H: Heart rate variability results  

 

 

 

 

 

 

 

Figure H1: This figure shows the R-R intervals plotted over the time for one healthy subject. The R-R 

intervals are calculated with the use of the ECG’s in Matlab and loaded into Kubios. The time axis 

has a duration of 10 minutes. The R-R intervals during the first 5 minutes are shown in the blue plane 

and contains the five minutes of rest. The white plane shows 5 minutes of continuous tVNS stimulation. 

The R-R interval is given in seconds.  

Figure H2: This figure shows heart rate (HR) plotted over the time for one healthy subject. The heart 

rate is calculated from the R-R intervals, which are obtained from the ECG’s in Matlab and loaded into 

Kubios. The time axis has a duration of 10 minutes. The heart rate during the first 5 minutes are shown 

in the blue plane and contains the five minutes of rest. The white plane shows 5 minutes of continuous 

tVNS stimulation. The heart rate is given in beats per minute. 

Table H3: This figure shows the obtained FFT spectrum, which was calculated with the non-parametric 

Welch’s periodogram. The red area represents the LF and the green area represents the HF.  
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HRV parameters Cymba conchae stimulation Earlobe stimulation 

Healthy subjects Rest tVNS Rest tVNS 

RR (ms) 865 ± 105 882 ± 117 849 ± 119 869 ± 127 

SDNN (ms) 50 ± 22 47 ± 21 45 ± 24 47 ± 27 

RMSSD (ms) 40 ± 20 42 ± 23 36 ± 23 38 ± 26 

LF (ms2) 1834± 1669 1552 ± 1368 1719 ± 1841 1752 ± 1908 

HF (ms2) 706 ± 835 681 ± 717 646 ± 997 722 ± 1304 

LF/HF (ms2) 3.35 ± 2.38 2.93 ± 2.38 3.68 ± 2.68 4.64 ± 5.40 

     

Epilepsy patients     

RR (ms) 854 ± 60 842 ± 42 824 ± 79 826 ± 67 

SDNN (ms) 35 ± 18 31 ± 9 29 ± 13 31 ± 15 

RMSDD (ms) 23 ± 9 22 ± 6 20 ± 6 21± 7 

LF (ms2) 991 ± 1341 605 ± 336 641 ± 687 872 ± 1197 

HF (ms2) 204 ± 150 200 ± 48 195 ± 138 185 ± 173 

LF/HF (ms2) 3.61 ± 2.47 3.03 ± 1.50 2.84 ± 1.28 3.66 ± 2.05 

Table H1: The mean heart rate variability parameters together with the standard deviation (SD) for the 

healthy subjects and the epilepsy patients without a VNS.  
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I: The effect of tVNS on seizure reduction, quality of life, and mood in patients 

suffering from refractory epilepsy 

 

3.1 Rationale  

Vagus nerve stimulation (VNS) is a form of neurostimulation used for treating patients suffering 

from refractory epilepsy. However, this implementation does not always yield a positive result. Most 

long term studies that were done to assess the efficacy of VNS concluded that a more than 50% 

seizure reduction was accomplished in 20-63% of the patients after treatment for six months to six 

years (1–8).  

Despite the growing application of VNS, it is still not possible to predict which patient respond to 

what extend to VNS therapy. Recently, transcutaneous VNS (tVNS) has become available, which 

stimulates the auricular branch of the vagus nerve via an earpiece. This might be an effective 

method of reducing seizure frequency in epilepsy patients.  

 

The main objective of this part of the master thesis is to gain more insight in the effects of tVNS 

in patients suffering from refractory epilepsy. Therefore, the research question is: 

o What is the effect of tVNS on the seizure reduction, quality of life, and mood in patients 

who are suffering from refractory epilepsy? 

 

The research question is a part of a larger study, which studies the predictive value of tVNS for the 

effect of a VNS. However, for my master thesis I only study the effect of tVNS on the seizure 

reduction, quality of life, and mood in epilepsy patients. The other parts of the larger study will 

not be included in this master thesis. 

 

3.2 Hypothesis  

tVNS results in a seizure reduction after 3 months of stimulation and causes an improvement in 

mood and quality of life.  

 

3.3 Method  

3.3.1 Subjects  

At this moment ten epilepsy patients were recruited in the larger study to assess the predicting 

value of tVNS for the effects of VNS. Subjects that were recruited for this study were patients that 

are referred for an implantable VNS system to the department of the neurosurgery at the Medisch 

Spectrum Twente (MST) in Enschede, the Netherlands. Inclusion criteria were: eighteen years or 

older, without severe cognitive impairment; diagnosed with epilepsy; scheduled for an implantable 

VNS system; and physically and cognitively capable of using the tVNS device.  

 

From the ten recruited patients, eight patients were recruited for this study. Two patients from the 

larger study were not included, because one patient experienced some difficulties using the tVNS, 

so this patient decided to stop with the study. The other patient was just recently included, so not 

all the measurement data was available yet.  

 

The study followed the principles laid out in the Declaration of Helsinki and ethical approval was 

obtained from the Medical Research Ethics Committee Twente. All subjects gave written informed 

consent. 
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3.3.1 Measurement procedure  

The total duration of the whole study was fifteen months for each participating patient and 

consisted of seven visits to the MST (figure I1). The effects of tVNS in epilepsy patients was assessed 

during the first three visits. The effect of the VNS was assessed during the last four visits. The VNS 

was surgically implanted between the third and fourth visit.  

 

The first visit (at t = -3m) was considered as the intake. During the intake the baseline parameters 

of the patients were acquired and explanation was given to the patients about the tVNS device. 

Baseline parameter that were acquired included:  

a) Demographics and lifestyle-related factors (e.g. smoking, exercise, diet); 

b) Seizure frequency from patient’s seizure diary; 

c) Medication use;  

d) EEG features measured by 24-hour (in-home) EEG; 

e) Cardiorespiratory parameter measured by 24-hour ECG; 

f) Quality of life (QOLIE31P), and mood (MADRS); 

g) Blood cytokine levels;  

h) Cortical excitability.  

 

When the baseline parameters were acquired, patients started with the use of tVNS. tVNS was 

administered through a tVNS device, which was obtained from Cerbomed GmbH (Erlangen, 

Germany). In 2010, the company received a CE mark for the tVNS. The tVNS stimulated with a 

stimulation frequency of 25 Hz, 30 second ON and OFF phase, and stimulation intensity which was 

just above the patient’s threshold (first tingling sensation). tVNS was applied at the cymba conchae 

to stimulate the ABVN. The recommended daily dose of the tVNS was four hours a day. Patients 

had to take this daily stimulation dose in several sessions spread evenly throughout the day. Six 

weeks after the intake patients had a new visit to the hospital, to assess the effects of tVNS (t= -

6wk, figure I1). During this visit the parameter a) to g) were acquired again, and in addition there 

was also information obtained about: 

i) Stimulation parameters; 

j) Perceived side effects; 

k) Patient global impression of change (PGIC), which was a questionnaire considering the 

effect of (t)VNS on the patient’s seizures.  

 

At time point t=0 in figure I1 patients were using the tVNS for twelve weeks and another visit was 

scheduled. During this visit the parameters a) to k) were acquired again and patients had to return 

the tVNS. After t=0 all patients were implanted with the VNS. After VNS implantation the 

patients had to visit the hospital less frequent than during the period with tVNS. The effects of 

VNS on seizure frequency, seizure characteristics, quality of life, EEG features, side-effects, blood 

cytokine levels and cortical excitability will be assessed every three months (t=3, 6, 9, 12). During 

Figure I1: Flowchart of the experimental setup for the epilepsy patients. The red box shows the period 

of tVNS stimulation. Patients were implanted with the VNS after t=0.  

tVNS VNS 

t= -3m t= -6wk t= 0 t= 3m t= 6m t= 9m t= 12m 

VNS implantation 
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these visits the parameters a) to k) were acquired and additionally information was obtained about 

the seizure supressing effect of the magnet and degree of magnet use. Cortical excitability (h) was 

only assessed at t=3 and 12 months.  

 

3.3.3 Analysis  

Section 3.2.2 described the whole measurement procedure for patients who were included in the 

study. For this master thesis only the effect of tVNS was studied (figure I1, the red box). The 

effects of tVNS is on the seizure reduction (parameter b, k), the quality of life (parameter f) and 

the mood (parameter f) were studied. The quality of life was assessed with the QOLIE31P, which 

is a standardized questionnaire to assess the patient’s health-dependent quality of life. The total 

score ranged from 0 to 100 and higher scores representing better quality of life. The mood was 

assessed with the Montgomery-Asberg Depression Rating Scale (MADRS), which assessed the 

severity of patient’s depressive symptoms using a series of ten questions. The maximal total score 

is 60. Higher scores indicated a more severe depression. For the quality of life and the mood, mean 

scores together with the standard deviation are given. Due to the limited number of patients, no 

statistical analysis was performed on the result 

 

3.4. Results 

3.4.1 Subjects  

At this moment ten epilepsy patients are included in the larger study to assess the predicting value 

of tVNS for the effect of VNS. From those ten patients, eight patients are included for this thesis. 

The mean age of these eight patients is 47 years (31-59 years). Subject characteristics from the 

included patients are shown in table I1.  

 

3.4.2 Seizure reduction of tVNS  

Patients keep seizure diaries. Seizure frequency is determined at baseline, 6 weeks after the start of 

tVNS and twelve weeks after the start of tVNS. The results of the seizure frequency are shown in 

table I2 and show that there is a decrease in seizure frequency after six weeks of tVNS for tVNS02, 

tVNS08 and tVNS09. However, according the PGIC patient tVNS02 and tVNS09 do not report an 

improvement in seizure frequency. tVNS09 do reports an improvement of seizure frequency in the 

PGIC.  

 

After twelve weeks of tVNS the decrease in seizure frequency was still shown for tVNS08 and 

tVNS09 compared to the baseline measurement (table I2). The data of tVNS02 is missing. Both 

tVNS08 and tVNS09 reports an improvement in seizure frequency.  

 

Subjects Gender Age Type of epilepsy 

tVNS01 M 34 Focal epilepsy  

tVNS02 M 31 Focal epilepsy 

tVNS03 F 56 Focal epilepsy 

tVNS04 F 53 Focal epilepsy 

tVNS05 M 59 Focal epilepsy  

tVNS07 M 53 Generalized epilepsy  

tVNS08 F 43 Focal epilepsy  

tVNS09 F 50 Focal epilepsy  

Table I1: Subject characteristics  
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Overall, the mean results of all the patients show a decrease in seizure frequency during the 6 weeks 

tVNS measurement (mean 22 ± 20) compared with the baseline (mean 51 ± 99). A decrease is also 

shown after twelve weeks of using tVNS (mean 24 ± 25) compared with the baseline. However, 

tVNS09 is a big outlier in the data, which has a great impact on the results. When removing the 

data of tVNS09 almost no differences are shown between the seizure frequency at the baseline 

(mean 16 ± 18) compared with the 6 week use of tVNS (mean 16 ± 13) and compared with the 12 

week use of tVNS (mean 15 ± 11).  

 

Besides the seizure reduction, patients also report a positive effect of tVNS on the intensity of the 

seizures and the recovery period after a seizure. After twelve weeks of VNS, three out of the eight 

patients reported a decrease in seizure intensity due to tVNS stimulation. tVNS02 reports a shorter 

recovery after a seizure because of tVNS stimulation during the six week measurement. Data of the 

12 week measurement is missing for this patient.  

 

 

3.4.3 Quality of life and mood 

Positive effects of tVNS on the quality of life and the mood have been reported by the patients 

(figure I3 and I4). Six out of eight patients show a decrease in the MADRS score after 6 weeks of 

using tVNS compared with the baseline. For the baseline compared with using the tVNS for 12 

weeks, also six out eight patients show a decrease (figure I3). 

With regard to the quality of life, five out of eight patients show an increase after using the tVNS 

for 6 weeks compared with the baseline (figure I4). After using the tVNS for 12 weeks, also 5 out 

of eight patients show an increase in the quality of life compared with the baseline.  

 

Overall, the quality of life shows an increase after six weeks of tVNS stimulation (mean 58 ± 14) 

and after 12 weeks of tVNS stimulation (mean 63 ± 17) compared to the baseline (mean 53 ± 14). 

Furthermore, the MADRS score also show positive results, because the MADRS score decreases 

after six weeks of tVNS stimulation (mean 7.5 ± 4) and after 12 weeks of tVNS stimulation (6.9 ± 

4) compared to the baseline (mean 8.3 ± 3). However, one patient shows opposite results compared 

with the other patients. When removing this patient from the data, the overall results improves. 

The Quality of life now show a mean value of 55 ± 14 at the baseline, a mean value of 61 ± 12 

after 6 weeks of using tVNS, and a mean value of 68 ± 10 after 12 weeks of using tVNS. For the 

MADRS results the mean values are 8.7 ± 3, 7.1 ± 5, and of 5.5 ± 3, respectively.  

 

Patient Baseline 6 weeks tVNS 12 weeks tVNS 

tVNS01 6 16 26 

tVNS02 42 30  

tVNS03 10 10 11 

tVNS04 3 6 6 

tVNS05 3 5 8 

tVNS07 9 9 10 

tVNS08 42 38 34 

tVNS09 294 63 77 

M ean 51 22 24 

SD 99 20 25 

Table I2: Seizure frequency at the baseline, after 6 weeks of using tVNS and after 12 weeks of using 

tVNS. The seizure frequency is given as the number of seizure during 6 weeks. The for all the three 

periods the mean seizure frequency is given together with the standard deviation (SD). 
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Patient also reports a positive effect of tVNS on alertness and concentration. Four out of eight 

patients describe those effects. These effects are also seen in the MADRS and quality of life scores, 

because these patients do also show an improvement in these scores.  

 

3.4.4 Side effects  

Two of the eight patients reported the occurrence of a headache during the period of tVNS 

stimulations. One patients reported ear pain during the stimulations.  

 

3.5 Discussion 

During this study the effect of tVNS on seizure reduction, quality of life and mood was studied in 

patients with refractory epilepsy. The overall results show that the tVNS has a positive effect on 

the quality of life and on the mood in the epilepsy patients and a les positive effect on the seizure 

reduction, because only three out of the eight patients showed a little difference in seizure frequency. 
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Figure I3: The results of the MADRS scores for each patient individually. Blue 

represents the baseline, red represents using tVNS for 6 weeks, and grey represents 

using tVNS for 12 weeks.  

Figure I4: The results of the quality of life for each patient individually. Green 

represents the baseline, blue represents using tVNS for 6 weeks, and yellow represents 

using tVNS for 12 weeks.  

0

20

40

60

80

100

1 2 3 4 5 6 7 8

QUALITY OF LIFE

0 wk 6 wk 12 wk



Dieuwke van Dartel                    The effects of transcutaneous vagus nerve stimulation   63 

 

No effects due to medication were expected on these results, because none of patient had a change 

in medication during the measurement.  

 

The effect of tVNS on the seizure frequency was low in the included patients. This could be due to 

the fact that not every patient is a responder to tVNS, which results in different reaction among 

patients on tVNS stimulation. Another possibility that could cause the low effect of tVNS on the 

seizure frequency is that tVNS was only applied for three months. Other studies uses a longer period 

of stimulation to achieve result from tVNS stimulation (9,10).  

 

The seizure frequency results could also be influenced by the reporting on the seizure diaries. At 

the baseline measurement no diaries were available and the patients were asked about the seizure 

frequency. This method was less reliable than using seizure diaries from the period of 6 weeks prior 

to the baseline measurement. For example, when regarding tVNS09. The seizure frequency is much 

higher at the baseline compared with the other two measurement moments. During the 6 week 

measurement and the 12 week measurement, the seizure diaries were used. However, the patient 

herself reported much high seizure frequencies.  

Furthermore, patients also report that they had some difficulties with the seizure diary and 

sometimes the forgot that they had to write down their seizures. This also makes the seizure diaries 

less reliable. It is difficult to get reliable results for the seizure frequency.  

 

The result of tVNS on the quality of life and the mood are very positive. The results were not 

caused by the anti-seizure effect of the tVNS alone during this study, but also because tVNS had a 

positive influence on the alertness and concentration of the patients. Patient who did not show any 

differences in seizure frequency still show an improvement in mood and quality of life due to the 

fact the they feel more alert and had a better concentration. According to literature it is also shown 

that tVNS is used for patients with a depression and that is has positive effects in these patients 

(11,12). Therefore, it is possible that during this study the tVNS has a positive effect on the mood 

and the quality of life without improving the seizure frequency.  

 

3.6 Conclusion  

tVNS has a positive effect on the quality of life and the mood of patients with refractory epilepsy. 

However, tVNS shows little effects of the seizure frequency after stimulation the cymba conchae for 

a period of 12 weeks, because only 2 out of 8 patients show a decrease in seizure frequency after 12 

weeks of tVNS stimulation.  
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J: Detecting epilepsy via breath analysis using an electronic Nose 
Another study I performed during my master thesis was about the detection of epilepsy with the 

use of an electronic nose. I started this study during my master 2 internship at the neurosurgery 

department at the MST and I really liked to continue with this study during my graduation year. 

 

The study was about the detection of epilepsy via breath analysis using an electronic nose. There 

is not yet a quick test, nor a non-invasive method to identify subjects with epilepsy. The Aeonose™ 

(electronic nose) is a diagnostic test device to detect patterns of volatile organic compounds (VOC’s) 

in exhaled air. These VOC’s are related to metabolic activities in the body. It is assumed that the 

disease-specific metabolic pathways may give rise to specific VOC patterns and therefore aid in the 

diagnostic process. Pilot studies have already indicated that electronic noses, consisting of an array 

of VOC-sensors, may be used to detect diseases in different diagnostic areas. Our goal was to study 

whether the eNose can detect VOC patterns that distinguish between patients with confirmed 

diagnosis of epilepsy and healthy subjects without any suspicion of epilepsy. 

 

The progress and the results of the study at this moment are presented in the poster below. To 

control for the fact that most epilepsy patients use anti-epileptic drugs (AEDs) additional patient 

groups were measured: patients (temporarily) not using AEDs and patients using AEDs but who 

are not diagnosed with epilepsy.  

 

We also presented the poster at the American Epilepsy Society annual meeting in Washington D.C. 

past December.  

 

 

 

 

 

  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 


