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General comments 

The present work is a cumulative doctoral thesis that contains three articles published in peer-

reviewed journals. The articles presented within this cumulative thesis have been adapted in order 

to ensure uniformity in abbreviations, citation style, figures, and tables. Hence, the originally 

published articles may slightly differ from the chapters of this thesis. The first draft of all articles 

has been written by myself as the first author, and the coauthors contributed to theory discussions, 

design discussions, and editing.  
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Summary 

This doctoral thesis aims to investigate the influence of transcutaneous vagus nerve stimulation 

(tVNS) and its parameters on psychophysiological measurements from a neurovisceral integrative 

perspective, with a special focus on cardiac vagal activity (CVA). With this new approach, I use 

the neurovisceral integration model to test stimulation parameters, thus allowing for an integrative 

investigation of the putative underlying mechanisms of tVNS and its outcomes. In three studies, I 

tested the effects of tVNS on CVA in different contexts. On the physiological level, CVA increased 

during tVNS, but this increase was not different from earlobe (sham) stimulation (Studies I, II, and 

III). There were no differences between active and sham stimulation regarding pupillary reactions 

either (Study III). On the cognitive level, tVNS did not influence tasks that mainly rely on 

inhibitory control, but showed mixed results for further cognitive functions that involve inhibitory 

control. In a set-shifting paradigm, tVNS reduced switch costs compared to sham stimulation 

(Study I), but did not influence post-error slowing (Study III). The effect of tVNS on switch costs 

did not correlate with the effects on CVA, thus speaking against the idea of a neurovisceral 

integration between executive processes and CVA. Regarding stimulation parameters, tVNS 

neither showed parameter-specific effects regarding stimulation intensity and auricular stimulation 

area, nor did it show differences from sham stimulation. These results question the suitability of 

the earlobe for a sham condition. Although tVNS seems to be a promising device, it still requires 

optimization. Specifically, stimulation parameters and biomarkers need to be further investigated 

to help understand the underlying mechanisms of tVNS.  
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Zusammenfassung 

Die vorliegende Doktorarbeit hat zum Ziel, den Einfluss von transkutaner Vagusnervstimulation 

(tVNS) sowie den ihr zugrundeliegenden Parametern auf psychophysiologische Maße aus einer 

neuroviszeral integrativen Perspektive zu untersuchen, wobei ein spezieller Fokus auf kardiale 

vagale Aktivität (KVA) gelegt wird. Im Rahmen dieses neuartigen Ansatzes wird das 

neuroviszerale Integrationsmodel herangezogen, um Stimulationsparameter zu testen. Im Zuge 

dreier Studien wurde der Effekt von tVNS auf KVA in verschiedenen Kontexten untersucht. Auf 

der physiologischen Ebene kam es während tVNS zu einem Anstieg von KVA, wobei dieser 

Anstieg auch bei der Ohrläppchen-(Schein)Stimulation festzustellen war (Studien I, II und III), 

außerdem unterschieden sich die verschiedenen Stimulationsbedingungen nicht bzgl. ihrer Effekte 

auf die Pupillenreaktion (Studie III). Auf der kognitiven Ebene war zwar kein Einfluss von tVNS 

auf Aufgaben festzustellen, die primär inhibitorische Kontrolle beanspruchen, jedoch gab es 

heterogene Befunde im Zusammenhang mit weiteren kognitiven Funktionen, bei denen 

inhibitorische Kontrolle involviert ist. Im Vergleich zur Scheinstimulation ging tVNS mit 

Wechselkosten in einem set shifting-Paradigma einher (Studie I), allerdings zeigte tVNS keine 

Auswirkungen auf post-error slowing (Studie III). Der Effekt von tVNS auf Wechselkosten 

korrelierte nicht mit den Effekten auf KVA, was gegen die Annahme der neuroviszeralen 

Integration zwischen Exekutivfunktionen und KVA spricht. Was die Stimulationsparameter 

anbelangt zeigte tVNS weder parameterspezifische Effekte (Stimulationsintensität und 

Stimulationsbereich am Ohr), noch Unterschiede zur Scheinstimulation. Die Ergebnisse stellen die 

Eignung der Ohrläppchenstimulation als eine Scheinstimulation infrage. Obwohl tVNS 

vielversprechend zu sein scheint, ist ihre weitere Optimierung unabdingbar. Es gilt, insbesondere 
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Stimulationsparameter und Biomarker weiter zu untersuchen, mit dem Ziel, die der tVNS 

zugrundeliegenden Wirkmechanismen besser zu verstehen. 
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Preface 

Research on transcutaneous vagus nerve stimulation (tVNS) is still in its infancy. Most of the 

studies using this stimulation tool have been published in this decade: Whereas only 10 entries 

using the term “transcutaneous vagus nerve stimulation” appeared in Web of Science1 between 

2001 and 2010, 133 appeared between 2011 and 2020. Given the nowadays highly dynamic 

character of this field, a great amount of new insights and discoveries has been presented since 

the start of this doctoral thesis. The fast accumulation of new knowledge led me to change the 

focus of my project after starting it. I gradually realized how messy the state of the art related to 

tVNS was—and still is—, and this confusion is likely due to the lack of consensus on how to use 

tVNS to address the research questions that this new tool has now created. 

I am by no means claiming to create a consensus alone, which would contradict the very 

idea of a consensus, or to define a complete and definitive stimulation protocol to be used in 

future studies with tVNS. However, within the doctoral thesis I am now presenting, I had the 

chance to extensively explore literature on tVNS. In doing so, a major gap in tVNS-related 

research quickly became clear to me: the lack of an appropriate stimulation protocol that would 

enable researchers to better use this stimulation tool in order to gain insights on autonomic, 

cognitive, and affective functioning. Thus, my efforts within this thesis should be seen as a first 

step towards an important and necessary development in the application of tVNS as an 

intervention method.  

                                                 

 

1 URL: login.webofknowledge.com, search performed on 24th of April 2020 
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To initiate this first step, I made efforts to be as non-speculative as possible in the 

rationale I described in the introduction of this thesis’s synopsis. This means that, contrary to 

much of the literature on tVNS, I deliberately avoided referring to findings from invasive vagus 

nerve stimulation, cervical tVNS, and animal models. Thus, in the following pages I mainly 

focus on the evidence found in studies that directly use tVNS in humans.  

In conducting my studies for this thesis and reporting their results, many other research 

questions were generated. I hope that these open questions will inspire further research, and that 

my work represents a fruitful contribution to this emerging and promising field. 
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1 General introduction 

Human development has always been driven by challenging achievements. The aspiration to 

succeed often led to the flowering of ways that should help us to handily boost our capacities. 

Among these ways, transcutaneous vagus nerve stimulation (tVNS), a noninvasive technique to 

stimulate afferent vagal fibers, has been presented as a promising cognitive enhancer (Colzato & 

Vonck, 2017). However, more than a promising cognitive enhancer, tVNS recently found use in 

psychophysiological research because of its potential to infer a causal relation between 

stimulated brain areas and their related cognitive functions (Colzato & Vonck, 2017). Despite 

these promising application, research with tVNS is still at an early stage. Consequently, the 

mechanisms of action underlying its effects on cognitive and on related physiological processes 

are still mostly speculative, and the evidence provided to date is predominantly heterogeneous 

and inconclusive. To address the fundamental question of whether tVNS can indeed trigger these 

effects, and if so, to enable a clearer understanding of what specifically is affected by tVNS, it is 

necessary to optimize the protocols for stimulation with tVNS (Fang et al., 2017). Optimizing 

stimulation protocols includes a better understanding of stimulation parameters since this lack of 

understanding currently represents a major gap that urgently needs to be addressed (Butt et al., 

2019). Both evidence originating from theory-driven testing and optimization of tVNS 

applications are imperative to advance our understanding of this stimulation tool. In this doctoral 

thesis, I propose that optimization of tVNS applications should be performed based on the 

neurovisceral integration model (Smith et al., 2017; Thayer et al., 2009), which provides an 

integrative perspective of cognitive and autonomic processes serving human adaptation, as well 

as to consider phasic measurements of biomarkers. 
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Considering this background, the present thesis has two aims: first, to investigate the 

effects of tVNS on psychophysiological processes that are related to human adaptation, namely 

cardiac vagal activity (CVA) and norepinephrine release on the physiological level, and 

executive control as well as post-error slowing (PES) on the cognitive level. My focus lies on 

CVA and its relationship with the other aforementioned measurements. Second, this thesis aims 

to further optimize the application of tVNS in psychophysiological research. To pursue both 

aims, I conducted five studies for three articles. Article I takes a first step of exploring the 

relation between tVNS, core executive functions, and CVA. Building on Article I, Articles II and 

III aim to further optimize the stimulation protocol proposed in Article I. Specifically, Article II 

investigates the effects of tVNS on CVA by systematically testing different stimulation 

intensities, and Article III uses PES, CVA, and norepinephrine release to compare the effect of 

two main stimulation areas of the ear currently used in studies with tVNS. 

In the next chapters, I review the state-of-the-art literature on tVNS and its working 

mechanisms, with a particular focus on autonomic and cognitive processing (Sections 2.3 and 

2.4). Subsequently, I dedicate a section to stimulation protocols (Section 2.5). In Section 3 I add 

theoretical and methodological considerations derived from Sections 2.3 and 2.1. In that section, 

I describe a new approach to study the effects of tVNS on autonomic and cognitive functions, 

explaining how the neurovisceral integration model (Thayer et al., 2009) can be used to generate 

hypotheses that are relevant when it comes to test the effects of tVNS on autonomic and 

cognitive processes (Subsection 3.1). Furthermore, I discuss the importance of regularly 

including different time measurement points and biomarkers in tests involving tVNS in the study 

design (Subsection 3.2). Thereafter, I formulate the research questions I then addressed 

empirically (Chapter 4), and present the aforementioned studies (Chapters 5, 6, and 7). 
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Following the presentation of the three studies, I discuss the theoretical and practical 

implications of my results in view of the extant literature (Chapter 8). I discuss merits and 

critical aspects of my methodologies, and conclude this work with recommendations for future 

research to further improve this rapidly growing field of study. 

The three studies presented in this thesis comprise three published articles. The references 

will be indicated in the respective chapters. 

2 Literature review 

Originally developed as an alternative to invasive vagus nerve stimulation (iVNS), tVNS was 

described for the first time by Ventureyra (2000). Originally, iVNS was established as an add-on 

treatment for refractory epilepsy, and was also explored as a treatment for major depression, as 

well as for Alzheimer’s (Vonck et al., 2014). However, iVNS requires the surgical implantation 

of an electrode, which is directly attached to the cervical branch of the vagus nerve (Jin & Kong, 

2017). This procedure involves many adverse effects such as coughing, croakiness, chirurgical 

and anesthesiological risks, as well as high costs (Kreuzer et al., 2012). In contrast, tVNS is a 

non-invasive and relatively low-cost alternative, and has shown not to provoke serious side 

effects (Capone et al., 2015; Kreuzer et al., 2012), thus considerably reducing the risks and 

disadvantages of iVNS.  

2.1. The anatomical basis for transcutaneous vagus nerve stimulation 

Essentially, tVNS is a noninvasive hand-held tool designed to send an afferent electrical signal 

that travels from a peripheral nerve, the vagus nerve, toward high cortical structures. The vagus 

nerve is the 10th cranial nerve and carries information from and to some of the most important 

organs of the body. It comprises three-quarters of all parasympathetic fibers of the body (Gordan 

et al., 2015). About 80% of the vagal fibers carry afferent information, i.e., carry sensory 
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information from the body to the brain, whereas 20% carry efferent information, i.e., information 

from the brain to the body (Câmara & Griessenauer, 2015). The vagus nerve is the longest 

human nerve, going from the brainstem to the abdomen (Figure 1). It consists of two nerves, the 

right and the left one, and originates in the medulla oblongata. The vast majority of the vagus 

nerve’s afferent fibers are connected to the nucleus tractus solitarius, while other afferents 

terminate in the spinal trigeminal nucleus, nucleus ambiguus, and dorsal motor nucleus 

(Kaniusas et al., 2019). The bunch of fibers originating in the medulla oblongata forms the 

superior ganglion and goes through the jugular foramen (Câmara & Griessenauer, 2015). After 

passing the jugular foramen, the main trunk of the vagus nerve branches out to innervate the 

lungs, spleen, kidneys, liver, stomach, small intestines, colon, and the heart (Ruffoli et al., 2011). 

 

Figure 1. Distribution and approximate depiction of central connections of the vagus nerve. DNV: 

dorsal nucleus of the vagus; NA: nucleus ambiguous; NTS: nucleus tractus solitarius; SpV N: spinal 

trigeminal nucleus (reprinted from Clancy, Deuchars, & Deuchars, 2013) 
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Emerging from the superior ganglion of the vagus nerve, the auricular branch of the 

vagus nerve (ABVN) afferently innervates part of the skin of the outer ear, including areas such 

as tragus and cymba conchae, as well as the ear canal in the concha (Figure 2). Because of its 

afferent innervation with the brainstem and the advantage of enabling a noninvasive stimulation, 

the ABVN forms the anatomical basis for tVNS (Yap et al., 2020). On this branch, tVNS acts 

through two surface electrodes placed on the skin of the left ear. Its placement allows for a sham 

stimulation, which has the same characteristics as normal tVNS, but instead of the electrodes 

being attached to areas where the ABVN is innervated to, they are attached to the earlobe. The 

earlobe is thought to be free of vagal innervation (Peuker & Filler, 2002). Because of the 

easiness to stimulate the vagus nerve and to create a sham stimulation, the ABVN has recently 

become the target for most interventions with tVNS (Yap et al., 2020). As an alternative to 

auricular tVNS, cervical tVNS can be applied noninvasively to the neck. Because cervical tVNS 

targets the cervical branch of the vagus nerve instead of the auricular branch (Barbanti et al., 

2015), the mechanisms of action and so the neuromodulation of cognitive processes might differ 

considerably (Colzato & Beste, 2020). Thus, the focus of the present thesis is on auricular tVNS. 

Hereinafter, the abbreviation “tVNS” will denote exclusively auricular tVNS, unless further 

specified. 

 



Literature review                6 

 

 

 

Figure 2. Anatomical landmarks (left) and expected innervation of the external ear (right). 

Abbreviations: ABVN: auricular branch of the vagus nerve; ATN: auriculotemporal nerve; GAN: 

great auricular nerve (reprinted from Butt et al., 2019) 

In the following section, literature on working mechanisms of tVNS is reviewed. 

2.2. State of evidence for the working mechanisms of transcutaneous vagus nerve stimulation 

To stimulate the vagus nerve using tVNS, electrical pulses must penetrate the skin and trigger 

action potentials in the nerve cells of the vagus nerve underneath the stimulated area (Burger, 

D’Agostini, Verkuil, &, Van Diest, 2020). The increase of neuron firing, in turn, affects 

neurotransmitter concentrations in specific brain regions, thus propagating the electrical signal to 

subcortical and cortical brain structures (Mercante et al., 2018). The exact working mechanisms 

of tVNS in the brain, including the pathways through which the electrical signal is conducted, 

are currently poorly understood. However, some studies using functional magnetic resonance 

imaging (fMRI) indicate pathways that may underlie the expected effects of tVNS.  

The working mechanism of tVNS in the brain has been profusely investigated by means 

of functional magnetic resonance imaging (fMRI), and some of these studies provide evidence 

that tVNS can activate “classical” vagal pathways (Frangos & Komisaruk, 2017). In 
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comparison to sham stimulation or baseline measurements, active stimulation has shown to 

increase nucleus tractus solitarius activity, providing evidence that an electrical signal applied 

transcutaneously at the ear is projected to the medulla oblongata in the brainstem (Frangos et 

al., 2015; Sclocco et al., 2019; Yakunina & Kim, 2017). However, two other studies failed to 

find this activation, instead showing decreased activity of the nucleus tractus solitary (Frangos 

& Komisaruk, 2017; Kraus et al., 2013). Moreover, the locus coeruleus—a brain area that is 

highly connected with the nucleus tractus solitarius and is considered to be the primary source 

of norepinephrine in the brain (Foote et al., 1983)—was found to have an increased activity 

during tVNS (Dietrich et al., 2008; Kraus et al., 2013). Activations in the spinal trigeminal 

nucleus and insula have also been reported (Dietrich et al., 2008; Frangos et al., 2015; Kraus et 

al., 2013). The activity of brain areas such as the hypothalamus and the amygdala have, in turn, 

shown heterogeneous results, i.e., in some studies they increased while in others they decreased 

(Dietrich et al., 2008; Frangos et al., 2015; Kraus et al., 2007, 2013; Yakunina & Kim, 2017). 

Importantly, cortical areas such as cingulate and prefrontal cortices, which are crucial brain 

areas for executive control, response selection, error monitoring, and conflict adaptation 

(Aston-Jones & Cohen, 2005; Logue & Gould, 2014; Ullsperger et al., 2014), have also been 

reported to show increased activity (Badran, Mithoefer, et al., 2018; Dietrich et al., 2008; 

Frangos & Komisaruk, 2017). These areas affected by tVNS are part of the central autonomic 

network, an internal regulation system through which the brain controls autonomic processes 

(Benarroch, 1993). For this reason, besides the specified areas of the central nervous system, 

tVNS is also thought to modulate autonomic (peripheral) function, for instance CVA (Murray et 

al., 2016) and pupillary activity (Burger, Van der Does, Brosschot, & Verkuil, 2020). For a 

graphical overview of the main findings reported here and further findings, see Figure 3. 
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Figure 3. Expected electrical signal pathways of transcutaneous vagus nerve stimulation 

(approximate representation), with two expected effects in the peripheral nervous system that are 

relevant for the present thesis. Corresponding to the evidence presented in the doctoral thesis, 

green areas depict increase during tVNS, orange areas represent areas with mixed findings 

regarding effects evoked by tVNS, the red area shows decrease during tVNS, the blue line 

represents the afferent pathway of tVNS, and pink lines represent efferent pathways. Dashed 

lines depict pathways within the brain, whereas solid lines show pathways within the peripheral 

nervous system. PFC: prefrontal cortex 

Despite promising evidence towards activation of typical vagal pathways during tVNS in 

the reviewed fMRI studies, it should be noted that these studies present several discrepancies 

regarding areas that have been shown to be up- or downregulated by tVNS. Importantly, those 

studies adopted widely different study designs and methodologies, employing for instance 

varying stimulation parameters as well as different regions of interest, task set-ups, and scanners 
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(Badran, Dowdle, et al., 2018; Burger et al., 2020). Spatial resolution also varied notably, which 

is critical when it comes to imaging the very small nuclei of the brainstem (Sclocco et al., 2020). 

Consequently, the comparability across results is difficult. Furthermore, the fMRI studies 

reviewed here present important caveats. For instance, Dietrich and colleagues (2008) only 

reported results from an active stimulation, hence not referring to sham stimulation. Furthermore, 

some analyses are based on a very small sample size, ranging between four (Dietrich et al., 2008) 

and eight (Kraus et al., 2013) participants. For these reasons, the findings reviewed here should 

be interpreted with caution.  

Whereas imaging studies allow for evidence that is directly derived from brain activity, 

many studies investigating the effects of tVNS on psychophysiological mechanisms base their 

findings on indirect measures. These indirect measures are often measurements of autonomic 

outputs, i.e., the resulting regulation of bodily functions in which the peripheral nervous system 

is involved (Gordan et al., 2015), and are likely deployed on the basis of the physiological 

evidence outlined in the present section. These efforts reflect the need to find biomarkers that can 

be used as an indication of whether the vagus nerve is indeed being stimulated (Burger et al., 

2020). In the next section, findings on autonomic effects of tVNS as a result of these efforts are 

reviewed. 

2.3. Effects of transcutaneous vagus nerve stimulation on autonomic regulation 

The effects of tVNS on autonomic processes have been investigated by means of a variety of 

biomarkers. Two of the most used categories of markers are measurements that reflect CVA and 

norepinephrine release (Burger et al., 2020). Both categories emerged from different rationales, 

which are explained in the following subsections. 
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2.3.1. Cardiac vagal activity. 

The vagus nerve provides the primary parasympathetic regulation of the heart. This regulation 

occurs by means of the vagal projections to the sinoatrial node, atrioventricular node, and atrial 

cardiac muscle (Gordan et al., 2015; Shaffer et al., 2014). Efferent vagal activity releases 

acetylcholine, which binds to the muscarinic receptors in the heart, thus reducing heart rate 

(Shaffer et al., 2014). The heart is innervated differently by both sides of the vagus nerve: 

Whereas fibers originating from the left vagus nerve supply the atrioventricular node, causing 

decremental conduction, those from the right vagus nerve innervate the sinoatrial node, which is 

mainly responsible for depolarization rates and for evoking bradycardia (Krahl, 2012). In a 

healthy human organism, the heart rate is under tonic influence of the neural output of the 

parasympathetic (vagus) nerve, responsible for decreasing heart rate, and the sympathetic nerves, 

which accelerate it. At rest, both vagus and sympathetic nerves are tonically active, with the 

vagal activity being dominant (Thayer et al., 2009). This interaction between vagus and 

sympathetic nerves results in an oscillation in the time interval between adjacent heartbeats, 

which is called heart rate variability (HRV) (Malik et al., 1996).  

Specific parameters derived from HRV measurements are considered reliable indices of 

CVA, the activity of the vagus nerve regulating cardiac functioning (Laborde et al., 2017; Malik 

et al., 1996). For this reason, they are often called vagally-mediated HRV (vmHRV) parameters, 

and serve as indices of CVA (Laborde et al., 2017). Root mean square of successive differences 

(RMSSD), in the time domain, and high frequency (HF), in the frequency domain, are commonly 

used vmHRV parameters. HF reflects respiratory sinus arrhythmia under certain conditions 

(Grossman & Taylor, 2007), whereas RMSSD is relatively free of respiratory influences 

(Laborde et al., 2017). Hereafter, I use the term CVA when I refer to the activity of the vagus 
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nerve regulating cardiac functioning, and use the term vmHRV when I need to be more specific 

in discussing this marker for CVA as such. 

Because of the described neural pathways that constitute the brain-heart axis, CVA is 

thought to be affected by tVNS (Murray et al., 2016). However, evidence towards an increase of 

CVA during tVNS is rather mixed. Some studies using tVNS have shown that tVNS can increase 

CVA (Bretherton et al., 2019; De Couck et al., 2017; Ylikoski et al., 2017) and simultaneously 

suppress (muscle) sympathetic activity, measured with microneurography (Clancy et al., 2014). 

However, this positive effect of tVNS on CVA could not be shown in other studies (Antonino et 

al., 2017; Burger et al., 2019, 2017, 2016). These contradictory results might be due to the use of 

different stimulation parameters in these studies, e.g. the use of varying positioning of the 

electrodes on the ear, different stimulation intensities, and different stimulation. 

2.3.2. Norepinephrine release. 

At first glance, expecting increased norepinephrine release, which is considered an index of 

sympathetic activity (Esler et al., 1988), during the application of tVNS sounds contradictory 

when increased CVA, an index of parasympathetic activity, is also expected during tVNS. One 

study has compared pupillary responses, a noninvasive index of norepinephrine release, with 

vmHRV (Daluwatte et al., 2012). Both variables did not correlate with each other. However, 

another study has shown that vmHRV can predict decreased pupil size while viewing positive 

emotional stimuli (Macatee et al., 2017). Furthermore, increased firing of the vagus nerve can 

increase norepinephrine levels in the brain (Miyashita & Williams, 2006). This might be 

explained by the anatomical connection between the nucleus tractus solitarius and the locus 

coeruleus, as explained in Section 1. Therefore, one autonomic process does not necessarily 
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exclude the other, but both rather represent different aspects of autonomic activity and seem to 

present context-dependent adjustments. 

Studies investigated the effects of tVNS on norepinephrine release by using a variety of 

biomarkers; however, most of these markers present inconclusive evidence towards tVNS 

affecting norepinephrine release in humans (for a review: Burger et al., 2020). For instance, P3 

amplitude is an event-related potential measured with electroencephalography (EEG) that is 

modulated by the phasic response of norepinephrine (Nieuwenhuis et al., 2005). Warren and 

colleagues (2019) tested the effect of tVNS on many indices of noradrenergic function, and did 

not find any effect of tVNS on P3 amplitude. However, in the same study tVNS increased 

salivary alpha amylase (sAA), a glucocorticoid stress hormone that is known to mark 

noradrenergic activity in the medulla (Speirs et al., 1974), and attenuated the decline of salivary 

cortisol (Warren et al., 2019). Another study used P3 and sAA to measure the effect of tVNS on 

physiological processes, and found a highly specific effect of tVNS: That only easy targets 

produced larger P3b (but not P3a) amplitudes during active tVNS, compared to sham stimulation 

(Ventura-Bort et al., 2018). Regarding sAA, main analyses did not show differential effects of 

tVNS, but an exploratory t-test revealed that tVNS, in opposite to sham stimulation, increased 

sAA levels after stimulation. 

Among the noninvasive biomarkers of norepinephrine activity in the brain, pupil dilation 

is considered to be the most reliable one when illuminance is held constant (Joshi et al., 2016). 

Pupil size is controlled by two opposing muscles: the pupillary dilator muscle, which evokes 

pupil dilation and works under the influence of the sympathetic system, and the pupillary 

sphincter muscle, which is responsible for pupil contraction and is controlled by the 

parasympathetic system (Mathôt, 2018). Pupil dilation occurs through two different processes, 
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which are both related to locus coeruleus activation: Increased activity in the locus coeruleus 

increases activity of the dilator muscle, while at the same time inhibiting activity of the Edinger-

Westphal nucleus and consequently inhibiting activity of the sphincter muscle (Samuels & 

Szabadi, 2008). 

Three published studies tested the effects of tVNS on pupillary reaction, and one of them 

carried out three experiments addressing this expected relationship (Burger et al., 2020). All 

studies reported increased task-related pupil dilation, thus substantiating the potential of pupil 

dilation as a noninvasive biomarker for norepinephrine activity. However, no modulation evoked 

by tVNS has been found in this small number of studies (Burger, Van der Does, Brosschot, & 

Verkuil, 2020; Keute, Demirezen, Graf, Mueller, & Zaehle, 2019; Warren et al., 2019). The 

authors discuss possible reasons for this lack of effect: first, it is possible that the modulation of 

locus coeruleus activity through tVNS does not exceed the threshold necessary to elicit pupil size 

modulations (Burger et al., 2020; Keute, Demirezen, et al., 2019). Second, it is unclear whether 

the stimulation parameters used in the studies are suitable to producing the effects of tVNS on 

pupillary reaction (Burger et al., 2020). Therefore, further studies addressing these open 

questions are necessary. 

In summary, the literature reviewed in Section 2.3 shows that the current evidence 

towards tVNS increasing parasympathetic activity is inconsistent, whereas there is a complete 

absence of evidence towards modulation of pupil dilation by tVNS. Furthermore, it is possible 

that different study designs, stimulation parameters, and approaches used to measure the 

physiological markers of CVA and norepinephrine release influence the results. Thus, the lack of 

an established experimental and stimulation protocol seems to be an important obstacle that 
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research with tVNS urgently needs to overcome in order to measure its putative autonomic 

effects.  

After reviewing the findings on autonomic effects of tVNS, in the next section I focus on 

the effects of tVNS on executive control, which is often investigated along with the biomarkers 

reviewed in the present section. 

2.4. Effects of transcutaneous vagus nerve stimulation on executive control 

Executive functions refer to top-down mental processes that are needed when it is necessary to 

adapt one’s behavior to environmental changes in the interest of achieving a goal (Diamond, 

2013; Logan, 2003). From these top-down mental processes, further cognitive processes are 

built, for instance post-error adjustments (Ridderinkhof, 2002), or higher-order cognitive 

functions such as reasoning, problem solving, and planning (Collins & Koechlin, 2012). The 

neural basis of executive functioning is a distributed network, in which the anterior cingulate 

cortex and prefrontal brain regions are crucial (Funahashi, 2001; Markela-Lerenc et al., 2004). 

Given that tVNS has been shown to increase the activity in both prefrontal and cingulate cortices 

(see Section 2.2), and that higher prefrontal and cingulate activity are related to a better 

executive performance, tVNS is expected to improve executive performance. 

Studies with tVNS that use behavioral measurements of executive control showed 

positive effects of tVNS in a variety of cognitive-behavioral domains, but they present a lack of 

reproducibility and consistency regarding effects. In the present section, I review the studies with 

tVNS that tested cognitive processes and directly refer to the term “executive functioning” and 

its synonyms, or are directly related to executive control. 

Among the core executive functions inhibitory control, working memory, and cognitive 

flexibility (Diamond, 2013; Miyake & Friedman, 2012), studies using tVNS mainly focused on 
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inhibitory control. According to Diamond (2013), inhibitory control involves the ability to 

override dominant or prepotent responses by controlling one’s own attention and behavior. This 

ability is considered a hallmark of successful self-regulation (Hofmann et al., 2012). Although 

there is no consensus in cognitive research on these three core functions and neither on aspects of 

these functions, an influential review has further categorized inhibitory control into selective 

attention and response inhibition (Diamond, 2013). Selective attention is expressed by the 

inhibitory cognitive control of attention, which occurs by suppressing prepotent mental 

representations on the perceptual level. Response inhibition is a behavioral inhibition that keeps 

a person from acting impulsively (Diamond, 2013). 

There is first evidence showing that tVNS affects both aspects of inhibitory control, but 

these effects seem to be highly process-specific. Regarding selective attention, evidence shows 

that active tVNS can lead to reduced conflict interference, thus enhancing selective attention 

(Fischer et al., 2018). In another study (Ventura-Bort et al., 2018), tVNS did not influence an 

oddball task, in which the participants must react to a deviant stimulus that interrupts sequences 

of repetitive stimuli. However, exploratory analyses revealed that easy targets (but not difficult 

targets) produced larger P3b amplitudes during tVNS when compared to sham. Finally, tVNS 

had no effect on the dynamics of visual bistable perception, a cognitive phenomenon that is 

commonly linked to gamma-aminobutyric acid (GABA) activity and depends on inhibitory 

control (Keute, Boehrer, et al., 2019). The authors argue that the effect of tVNS on GABA 

transmission may differ according to the part of the brain considered (Keute, Boehrer, et al., 

2019). 

Concerning response inhibition, tVNS enhanced behavioral accuracy and reduced 

conflict costs on a go/no-go-change task, at the same time that it enhanced frontal midline theta 
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activity, a transient spectral power increase in the theta band (~ 4–8 Hz). This EEG parameter 

reflects rhythmic synchronized activity of neurons in the cingulate cortex (Keute, Barth, et al., 

2019). Similarly, tVNS led to faster responses when two actions were executed in succession. 

This finding was interpreted as being a likely result of norepinephrine and GABA release caused 

by tVNS (Steenbergen et al., 2015). A further study using tVNS to test sequential behavior in 

terms of response selection reported that tVNS enhanced response selection processes by 

diminishing inhibition of return on specific trials, although cognitive performance per se was not 

influenced (Jongkees et al., 2018). Moreover, an increase in automatic motor response inhibition 

evoked by tVNS as well as faster reactions in incompatible trials when compared to compatible 

trials were found (Keute, Boehrer, et al., 2019). These results were interpreted as a behavioral 

evidence of GABAergic activity (Keute, Boehrer, et al., 2019). In a further study, tVNS also 

induced better response inhibition performance; however, only under the condition that working 

memory processes were needed to control response inhibition. According to the authors, this is a 

result of putative concomitant release of norepinephrine and GABA evoked by tVNS (Beste et 

al., 2016). Finally, another study (Sellaro et al., 2014) investigated a phenomenon called PES, 

which relies on inhibitory control (Ridderinkhof, 2002). PES consists in a slowdown of the task 

performance after committing an error (Sellaro et al., 2014) and is seen as an adaptive behavior 

that is improved upon efficient executive control (Simões-Franklin et al., 2010). Using a choice 

reaction-time task and a modified version of the Flanker task, this study found that tVNS can 

enhance PES in both tasks. According to the authors, these results indicate the importance of 

norepinephrine in post-error adjustments. 

After reviewing the studies that investigated the effect of tVNS on autonomic processes 

and on executive control, three conclusions can be drawn: First, there is evidence towards 



Literature review                17 

 

 

influence of tVNS on inhibitory control, whereas effects on autonomic processes are either 

inconclusive or nonexistent. Yet, some of the effects of tVNS on inhibitory control appear to be 

specific to a certain context. Second, the studies reviewed in the present chapter represent 

atheoretical attempts to investigate the influence of tVNS on autonomic functioning and on 

executive control. Especially for executive control, these studies mostly use a multi-method 

approach, by measuring both cognitive performance and biomarkers. However, instead of 

working based on a theory-driven approach, they merely speculate about noradrenergic and 

GABAergic modulation to explain the effects of tVNS on executive control. Third, and similar to 

the brain imaging studies as well as the studies addressing autonomic functions, the studies on 

executive control partially differ regarding stimulation protocol. For instance, Keute, Boehrer, 

and colleagues (2019) included a build-up period for the effects of tVNS, whereas the other 

reviewed studies did not. Furthermore, the design of these studies varies considerably. Hence, 

one possible reason for this variability may be related to a high variability regarding stimulation 

protocol and study design. Using within- or between-subjects designs in psychophysiological 

studies, for instance, might crucially influence the results found in the studies given the intra- 

and interpersonal fluctuations (Quintana & Heathers, 2014). Importantly, many of the studies 

reviewed here do not take the time component appropriately into account—i.e., comparing 

baseline with stimulation period—to compare possible changes in physiological measurements. 

Instead, they usually compare active with sham stimulation, and even when measuring baseline, 

they do not perform appropriate statistical analyses (see Subsection 3.2 for more detail). The 

issues regarding stimulation protocol are detailed in the following section, with a special focus 

on stimulation parameters. 
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2.5. Stimulation parameters 

An array of stimulation parameters needs to be considered prior to the administration of 

tVNS. Parameters of tVNS can vary regarding stimulation intensity, pulse width, frequency, duty 

cycle, and session duration (Badran, Yu, et al., 2018), side stimulated (right or left ear), the type 

of sham stimulation, and location of the stimulation, e.g., tragus or cymba conchae stimulation 

(Colzato & Beste, 2020). An overview of these stimulation parameters can be found in Table 1. 

The impact of each of these stimulation parameters on psychophysiology and on clinical 

outcomes is incompletely understood. Some of the reasons might be 1) the high number of 

combinations that are possible between parameters, 2) the high number of cognitive and 

autonomic processes in which the vagus nerve is involved in (Câmara & Griessenauer, 2015; 

Thayer et al., 2009), and 3) the lack of a reliable biomarker to assess the acute effect of tVNS 

(Burger et al., 2020). 

Many tVNS devices have been used in literature, and along with them, varying 

parametrization (for a review: Yap et al., 2020). Currently, the popularity of one tVNS device, 

NEMOS from tVNS Technologies GmbH (Erlangen, Germany), has led to a prevailing 

parametric setting. Given the lack of flexibility of this device regarding parametrization, its 

standard parameters, namely a pulse width between 200 and 300 µs, a frequency of 25 Hz, and a 

duty cycle of 30-s ON, 30-s OFF, have frequently been adopted in studies. These parameters 

originate from electrophysiological studies that used iVNS in rodents or in humans in clinical 

contexts (Colzato & Beste, 2020; Degiorgio et al., 2001; Mollet et al., 2013). Nonetheless, 

despite this widely adopted parameter combination for tVNS, other parameters have been used as 

well, which may partially explain the heterogeneity observed in findings from studies using 

tVNS, as detailed in Sections 2.3 and 2.1. Consequently, the lack of knowledge about optimal 
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stimulation parameters can be seen as a general limitation in this research field (Badran, Dowdle, 

et al., 2018; Burger et al., 2017; Butt et al., 2019). 

Despite the importance of understanding stimulation parameters in order to optimize 

tVNS, systematic attempts to investigate them while also considering interactions between them 

are still scarce, and importantly, only a few of all possible parameters have been contemplated. 

Recently, Badran, Mithoefer, and colleagues (2018) systematically tested the effect of three 

variations in pulse width and frequency, respectively, on heart rate, and found that a pulse width 

of 500 μs, when combined with a frequency of 10 Hz, can provoke the strongest decrease in 

heart rate compared to other parameter combinations. However, as heart rate represents the result 

of mixed inputs from the sympathetic and parasympathetic (vagus) nerves (Berntson et al., 

1993), the effect of tVNS on heart rate may not necessarily correlate with the outcome of interest 

(Goldberger et al., 2019). Therefore, caution is advised when interpreting these results of this 

only systematic attempt. 
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Table 1. 

 

Overview of possible stimulation parameters for transcutaneous vagus nerve stimulation. 

Parameter Definition Range found in literature 

Current intensity1 The magnitude of current 

relative to the isoelectric 

baseline, expressed in 

milliamperes (mA) 

0.3 mA (Frangos et al., 2015) to 10 

mA (He et al., 2013) 

Pulse width1 The determined period of time 

elapsing from the beginning to 

the end of one pulse cycle, 

expressed in microseconds (µs) 

0.1 ms (Fallgatter et al., 2003) to 1 ms 

(Stavrakis et al., 2015) 

Pulse frequency1 The number of pulse cycles that 

are generated per unit of time 

(s), expressed in hertz (Hz) 

0.5 Hz (Weise et al., 2015) to 100 Hz 

(Laqua et al., 2014) 

Duty cycle1 The ratio of ON time to OFF 

time, often expressed in seconds 

of ON and of OFF times (s) 

30 s ON, 30s OFF (e.g., Steenbergen 

et al., 2015) to continuous (e.g., 

Ventura-Bort et al., 2018) 

Session duration2 Duration of a stimulation 

session, expressed in minutes 

(min) 

10 min (De Couck et al., 2017) to 60 

min (Steenbergen et al., 2015) 

Side of 

stimulation 

Ear used for stimulation Left ear (e.g., Fischer et al., 2018), 

right ear (De Couck et al., 2017), 

bilateral (Laqua et al., 2014) 

Type of sham 

stimulation 

Application of sham stimulation Earlobe stimulation (e.g., Sellaro et 

al., 2014), no current (Hein et al., 

2013), middle area of the outer ear 

margin (Fang et al., 2016), lower 

frequency or intensity (Bauer et al., 

2016) 

Location of the 

stimulation 

Auricular area used for 

stimulation 

Cymba conchae (e.g., Fischer et al., 

2018), tragus (e.g., Clancy et al., 

2014), ear canal (e.g., Kraus et al., 

2013) 

Note. 1Definition from Bo et al. (2017). 2Clinical studies can have intervention durations of up 

to 6 months, with longer stimulation duration. Therefore, we included for session duration 

only studies exploring the acute effect of tVNS on cognitive and/or physiological processes. 
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Some efforts have been made to understand how changing specific stimulation 

parameters influences the physiological effects of tVNS. De Couck and colleagues (2017) 

investigated whether tVNS on the cymba conchae differently affects HRV depending on the 

stimulation side (right, left ear, or sham), and session duration (10 min or 1 h). They found 

positive effects on specific HRV components such as standard deviation of the RR intervals 

(SDNN), as well as low frequency (LF) and LF/HF ratio. They did not find any moderating 

influences of gender or age in the effects of short-termed tVNS on HRV parameters. However, a 

longer session duration solely showed effects on SDNN of women. Furthermore, compared to 

baseline, only right-ear stimulation significantly increased SDNN. However, they did not find 

any differences regarding parameters that serve as an index of CVA, such as RMSSD and HF 

(Malik et al., 1996). Changes in the frequency domain components of HRV (LH, HF and LF/HF 

ratio) were also observed with 1 h of tVNS at the right tragus (Tran et al., 2019). Regarding 

stimulation location, Yakunina and Kim (2017) compared the brain activation evoked by four 

auricular areas with one another: inner tragus, inferoposterior wall of the ear canal, cymba 

conchae, and earlobe (sham). Among these areas, only tragus and cymba conchae stimulation, 

when compared to sham, activated areas thought to be part of the vagal pathway, such as the 

nucleus tractus solitarius and the locus coeruleus. Among these parts of the ear, the strongest 

activation of these brain areas was during cymba conchae stimulation. These results are 

consistent with anatomical studies that suggest that ABVN primarily innervates the cymba 

conchae and secondarily the tragus (Peuker & Filler, 2002). 

To summarize, the choice of stimulation parameters might influence the effect of tVNS 

on both autonomic and cognitive processes. However, the low number of attempts made to 

investigate stimulation parameters has some constraints. First, the attempts only focus on 
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physiological effects that are evoked by tVNS, so that cognitive processes have not yet been 

considered. Second, as seen in the last paragraph, the studies that took HRV parameters into 

account to measure the physiological effects of tVNS often consider HRV parameters that do not 

index CVA. The use of a suitable theoretical framework underlying the study aims might help 

future research generate more appropriate hypotheses to investigate the physiological effects of 

tVNS, as the relevant biomarkers and its parameters can be considered. Third, despite first 

attempts to address the effects of parametrization, it is unclear which cognitive or autonomic 

processes have a parametric-specific effect, which could explain the high heterogeneity of 

findings in studies using tVNS. Thus, it is timely to carry out further studies that aim at 

understanding the parametric-specific effects of tVNS in order to optimize this tool for different 

aims. The parametrization of tVNS is in the focus of the present thesis, and in the following 

chapter I will discuss important considerations to address this research gap.  

3. A new approach: theoretical and methodological considerations 

As stated above, current research investigating the effects of tVNS on cognitive processes a) is 

predominantly not theory-driven and b) does not consistently and appropriately investigate the 

changes evoked by tVNS over time. In order to identify crucial issues—in the present case, the 

lack of consistency in psychophysiological measurements in studies using tVNS—a theory-

driven hypothesis generation is essential (Chen, 1989). Because of the manifold role of the vagus 

nerve in human adaptation, as described in Chapter 2, an integrative theory that considers both 

cognitive and autonomic adaptation is essential. Currently, three main theories explain the 

relationship between cognitive functioning and CVA: the polyvagal theory (Porges, 2008), the 

vagal tank theory (Laborde et al., 2018), and the neurovisceral integration model (Smith et al., 
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2017; Thayer et al., 2009). The polyvagal theory (Porges, 2008) states that the vagus nerve is the 

key phylogenetic element that facilitates social behavior. The vagal tank theory (Laborde et al., 

2018) postulates that CVA can demonstrate adaptive or maladaptive self-regulation according to 

the situation and task at hand. In a similar vein, the neurovisceral integration model (Thayer et 

al., 2009) states that CVA is positively associated with executive control. Concerning the brain 

areas mentioned in Section 2.2 that have been shown to be activated by tVNS, the neurovisceral 

integration model (Thayer et al., 2009) describes these brain areas as an integral part of 

neuroanatomical pathways of the vagus nerve. Because of its focus on executive control, 

providing a detailed description of the mechanisms of action underlying the relationship between 

brain activity, executive control, and cardiac activity, I use the neurovisceral integration model 

(Thayer et al., 2009) as basis for the hypotheses presented in this thesis. In the following section, 

I explain this model more in detail.  

3.1. The neurovisceral integration model 

The neurovisceral integration model (Smith et al., 2017; Thayer et al., 2009) assumes a 

connection between the prefrontal cortex and the heart through the central autonomic network 

and the vagus nerve. The central autonomic network is an integrated component of an internal 

regulation system through which the brain controls visceromotor, neuroendocrine, and 

behavioral responses that are critical for goal-directed behavior, and includes the anterior 

cingulate cortex, insula, and the ventromedial prefrontal cortex (Thayer et al., 2009). The optimal 

activation of the neural pathways within this network is crucial for showing adaptive or self-

regulatory responses to a changing environment. This adaptation can affect both executive 

performance and physiological processes in which the vagus nerve is involved, for instance 

cardiac activity (Thayer et al., 2009). At rest, the medial prefrontal cortex exerts inhibitory 
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control over the amygdala, indirectly enhancing cardiac control via the vagus nerve, which is 

reflected in an increase of CVA (Figure 4). Because CVA and executive functioning share 

common underlying neurovisceral self-regulation mechanisms, a higher resting CVA is 

associated with improved executive functioning. Therefore, the neurovisceral integration model 

is an integrative theoretical framework that ties executive functioning to CVA via the described 

common neuronal circuits. 

 

Figure 4. A composite schematic diagram showing the pathways by which the prefrontal cortex 

might influence control of heart rate. Note: mPFC: medial prefrontal cortex; pACC: pregenual 

anterior cingulate cortex; dACC: dorsal anterior cingulate cortex; pCC: posterior cingulate cortex; 

PVN: paraventricular nucleus of hypothalamus; NTS: nucleus tractus solitarius; CVLM: caudal 

ventrolateral medulla; DVN: dorsal vagal motor nucleus; RVLM: rostral ventrolateral medulla; 

IML: intermediolateral nucleus (reprinted from Thayer et al., 2009) 
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As explained in Section 2.2, the working mechanisms of tVNS underlying its influence 

on autonomic and executive control are not yet well understood, which leads to interpretations of 

findings on a highly speculative basis. Furthermore, the mixed findings regarding the influence 

of tVNS on CVA reinforce the need to further investigate this relationship. Importantly, none of 

the studies that investigated the influence of tVNS on CVA aimed at testing the relationship 

between CVA and executive performance. Either they are more physiology-oriented studies that 

had HRV parameters as dependent variables without considering any cognitive paradigms (e.g., 

Bretherton et al., 2019; Clancy et al., 2014; De Couck et al., 2017), or they took into account 

psychological and HRV measures in the context of affective regulation (e.g., Burger et al., 2019). 

The neural structures involved in affective regulation overlap with the ones for CVA and 

executive functioning (Thayer et al., 2009), therefore they are also expected to be modulated by 

tVNS. Nonetheless, measuring CVA along with executive control when testing the cognitive 

effects of tVNS represents an important gap, as examining both together may enable more 

insights into the working mechanisms underlying tVNS.  

At first sight, the lack of evidence for a neurovisceral integration of autonomic and 

psychological processes (so far mainly affective regulation) in studies using tVNS may provide 

arguments against the premises of the neurovisceral integration model (Smith et al., 2017; 

Thayer et al., 2009). However, the lack of consistency regarding dependent variables and 

stimulation protocols might render it difficult to interpret the current state of evidence. As 

previously stated, this lack of consistency may originate from a lack of theory-driven hypotheses 

in these studies. In the present thesis, I propose that, in order to further address the expected 

relationship between tVNS and self-regulation processes, theory-driven hypothesis generation is 

imperative.  
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A theory consists in a broad attempt to organize and explain phenomena. It differs from 

the simplistic outcome-focused approach, which is limited to demonstrating the casual 

connection (Vanderplasschen & Maeyer, 2014). Specifically in the field of cognitive 

enhancement, there is an increasing need for applying a theory-driven approach instead of an 

effect-driven one (Colzato, 2018). According to Colzato (2018), theory-driven approaches 

contribute to a more responsible research on cognitive enhancement because they allow for 

making effective predictions about the direction of the interventions. In the context of research 

with tVNS, a total of two studies have made use of an integrative theory. These studies used the 

polyvagal theory (Porges, 2008) to investigate the effects of tVNS on recognition of other’s 

emotions, with both studies finding that tVNS enhances emotion recognition (Colzato, Sellaro, et 

al., 2017; Sellaro et al., 2018). Aside from non-integrative theories such as the conflict 

monitoring theory (Botvinick et al., 2001), applied by Fischer and colleagues (2018) in the 

context of tVNS, and theories with a stronger focus on norepinephrine function (Aston-Jones & 

Cohen, 2005), the lack of theoretical integration between vagal activity and executive control in 

studies with tVNS constitutes an issue that needs to be addressed. The neurovisceral integration 

model (Smith et al., 2017; Thayer et al., 2009) provides an approach that allows for an 

integrative assessment of the psychophysiological effects of tVNS because it describes the brain 

functions that are related to the activity of the vagus nerve (Thayer et al., 2009). Furthermore, as 

previously pointed out, the neurovisceral integration model evidences the importance of 

considering resting CVA to understand the relationship between CVA and executive regulation 

(Thayer et al., 2009). 
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For the reasons stated above, in the following section I briefly discuss the importance of 

taking time measurement into account in order to investigate the expected physiological changes 

evoked by tVNS. 

3.2. Tonic and phasic measurements for assessing physiological changes 

As highlighted in Subsection 3.1, resting CVA represents the basis for the main prediction of the 

neurovisceral integration model, as a higher resting CVA is associated with higher executive 

functioning (Thayer et al., 2009). Resting refers to a baseline level that is usually measured while 

one is at rest, i.e., before an intervention such as tVNS. Resting CVA has also been referred to as 

tonic CVA, and is the opposite of phasic CVA (Laborde et al., 2017). Accordingly, tonic 

represents the level of CVA taken measured at one single time point. Phasic CVA shows how the 

system reacts to a stimulus—in the present context, tVNS alone or together with a cognitive 

task—and has been named reactivity in order to represent a change in CVA between two 

different time points (Laborde et al., 2017). Both of these properties of CVA are important to 

consider in order to account for adaptation abilities of the organism (Thayer et al., 2012). 

Regarding the reactivity phase of CVA, a slight decrease or even an increase of CVA relative to 

the resting measure during a task that demands executive control could be seen as an adaptive 

reaction to this task, whereas a more pronounced decrease during task performance could be seen 

as maladaptive (Laborde et al., 2018).  

Bringing these insights on tonic (or resting) and phasic (or reactivity) measurements to 

the context of tVNS interventions involving executive functioning, a study design that includes 

measurements of tonic and phasic CVA would have considerable advantages compared to one 

with tonic measurements only. This differentiation would show whether CVA during tVNS or 

during a cognitive task changes relative to the baseline measurements. Conversely, only 
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comparing tonic measurements between active and sham stimulation does not necessarily mean 

that active stimulation led to a higher CVA. Such measurements do not allow for ruling out 

whether resting CVA before active stimulation was higher than resting measurement before sham 

stimulation. Thus, it is imperative to measure both phases when it comes to testing the effects of 

tVNS on CVA, and this should also be considered for other physiological markers. Similarly, a 

proper statistical analysis should be chosen, namely a repeated-measures analysis, which takes 

into account the correlation among different time points (von Ende, 2001). 

When reviewing studies that measure the effects of tVNS on CVA, it is noteworthy that 

they follow different approaches when it comes to time measurements. Clancy and colleagues 

(2014) mention in the methods section a mixed model analysis of variance (ANOVA) to consider 

the type of stimulation (active or sham in a between-subjects design) and time measurement 

points (baseline, stimulation, and recovery as within-subject variables), but this analysis was not 

present in the results section. Instead, they only report tests on time differences within each 

condition separately. Furthermore, the reporting of statistical results lacked relevant information 

such as t-values, degrees of freedom, and effect sizes. De Couck and colleagues (2017) included 

both time conditions (baseline and stimulation phase) and stimulation conditions (right 

stimulation, left stimulation, and sham stimulation) into a repeated-measures analysis of variance 

(rmANOVA). However, instead of distinguishing these measurements in the model as different 

factors, they entered all factors as parts of one single factor, thus mistakenly having performing a 

one-way ANOVA. Ylikoski and colleagues (2017) compared resting with reactivity CVA using 

paired Student’s t-tests. Although this statistical analysis considers the nature of within-subject 

designs, any reference to inferential statistics is missing in the reporting of this study (Ylikoski et 
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al., 2017). Moreover, the study was not sham-controlled, thus rendering it difficult to draw 

conclusions from the results. 

To summarize, there are studies investigating biomarkers for tVNS that consider tonic 

and phasic measurements of CVA, but the majority does not appropriately consider the time 

difference between tonic and phasic measurement in their study design or in the statistical 

analysis, which would mean considering time measurement points in combination with 

stimulation conditions. In this context, I propose in the present doctoral thesis two aspects related 

to handling time measurements that need to be considered in studies with tVNS. First, I propose 

that measurements of at least the resting and reactivity phases must be realized in such studies, 

with additional time points also being taken into account depending on the aim of the study. For 

instance, if a study aims at measuring how long the acute effects of tVNS on physiological 

processes last, then adding a recovery phase—a time window after finishing the intervention—is 

critical (Laborde et al., 2018). If a build-up time—a time window in which only tVNS takes 

place and is supposed to be administered before a task phase combined with tVNS—is planned 

(e.g., as in Burger et al., 2020), then two reactivity phases must take place after the resting phase, 

namely a “tVNS phase” and “tVNS & task phase”. Second, considering different time 

measurements must be combined with comparisons between stimulation conditions in the 

statistical analysis. Comparing active stimulation either with its baseline measurement or with 

sham stimulation separately does not allow for a proper interpretation of the results. A difference 

between active and sham stimulation does not mean that there was an increase in the dependent 

variable, and only comparing active stimulation with its baseline does not allow for ruling out 

that sham did not provoke an increase from its baseline as well. To conclude, if rmANOVA is 

used to analyze CVA measurements, then at least two factors need to be accounted for, namely 
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time (at least resting and stimulation phase) and stimulation condition (at least active and sham 

stimulation).  

Based on the aforementioned theoretical and methodological considerations, I propose 

that studies that investigate the effects of tVNS on psychophysiological processes should a) 

address theory-driven hypotheses, and 2) consider time measurement points in both study design 

and statistical analyses. Regarding theoretical considerations, the majority of hypotheses from 

the studies within the scope of the present thesis are derived from the neurovisceral integration 

model (Smith et al., 2017; Thayer et al., 2009), and the rationale for other hypotheses not directly 

related to CVA is related to the mechanisms predicted by this model. Regarding methodological 

considerations, the three studies that are within the scope of the present thesis take tonic and 

phasic measurements into consideration in both the study design and in the analysis of the effects 

of tVNS on physiological processes. Acknowledging this background, in the following chapter I 

present the research questions that drive this thesis. 

4. Research questions & general hypotheses 

As stated in Chapter 2, the mechanisms of action behind the putative effects of tVNS on 

executive control and on related physiological processes, especially on CVA, as described in 

current research are mostly speculative as well as less theory-driven, and the evidence provided 

to date is mainly heterogeneous and inconclusive. To address the fundamental question whether 

tVNS influences psychophysiological processes, it is necessary a) to optimize the protocols for 

stimulation with tVNS, especially stimulation parametrization (Fang et al., 2017), and b) to use 

an integrative theory that might help to answer this question. However, regarding 

parametrization little has been done, so that the lack of understanding on parametrization 

currently represents a major gap that urgently needs to be addressed (Butt et al., 2019). Hence, 
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optimization of tVNS applications based on evidence originated from theory-driven testing 

might make an important contribution to our understanding of this stimulation tool. 

The present thesis focuses on these gaps and aims towards investigating the effects of 

tVNS on psychophysiological processes, with CVA being specially important given its capacity 

to reflect human adaptation (Thayer et al., 2009). The thesis addresses two research questions: 

The first question is whether tVNS affects psychophysiological processes that relate to human 

adaptation, with a focus on CVA. The second question is whether tVNS has parameter-specific 

effects on these psychophysiological processes. The second question is partly addressed in 

parallel to the first question, and both research questions are underpinned by the neurovisceral 

integration model (Thayer et al., 2009). Two general hypotheses can be derived from the first 

question: first, that tVNS increases CVA, which points to a higher adaptability at the behavioral 

level (General Hypothesis 1.1). Furthermore, provided that CVA increases with tVNS, I expected 

the other psychophysiological processes measured in the studies to also be increased by tVNS, in 

comparison to sham (General Hypothesis 1.2). Based on the neuronal circuits within the vagal 

pathways as described by the neurovisceral integration model (Smith et al., 2017; Thayer et al., 

2009), and the idea of adaptability presented by Laborde and colleagues (2018), higher 

adaptability means an only slight decrease or even an increase of CVA during a task that 

demands executive control when tVNS is administered. For the second question, the general 

hypothesis is that tVNS has parameter-specific effects on the psychophysiological processes 

measured in the studies I conducted (General Hypothesis 2). The explorative nature of the second 

hypothesis is due to the variety of stimulation parameters that have been addressed in the studies 

reported within the present thesis. 
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According to the neurovisceral integration model, CVA reflects the effectiveness of the 

central autonomic network, and consequently increased CVA equals a higher adaptability 

(Thayer et al., 2009). In the present thesis, I conducted three studies that investigated this 

adaptability in different contexts: Article I takes the first step of exploring the relations between 

tVNS, core executive functions, and CVA. In this study, we test executive performance during 

tVNS and during sham stimulation using different cognitive tasks, and propose a stimulation 

protocol in which phasic measurements of CVA are considered. Given the divergence between 

the results in our study and the previous studies that investigated executive control using tVNS, I 

recognized the importance of investigating stimulation parameters. Consequently, Articles II and 

III aim to further investigate the effect of tVNS on CVA, and additionally aim to optimize the 

stimulation protocol proposed in Article I. Specifically, Article II investigates the effects of tVNS 

on CVA and on subjective perception of stimulation, by systematically testing different 

stimulation intensities. Article III, in turn, uses PES, CVA, and pupillary reaction to compare the 

effect of two main auricular areas for stimulation currently used in studies with tVNS. Pupillary 

reaction was included as an index of norepinephrine, which is not part of the neurovisceral 

integration model, but might serve to complement the understanding of the putative working 

mechanisms underlying the effects of tVNS on cognitive function. If effects of tVNS on 

pupillary responses along with effects on behavior and on CVA can be found, this could allow for 

an extension of the neurovisceral integration model. An overview of the studies and how they 

relate to CVA can be found in Figure 5. 
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Figure 5. Overview of the main variables assessed in the three articles and research strategy. The 

red squares represent the intervention with tVNS, the green squares represent cognitive 

measurements, and the blue squares represent autonomic measurements. tVNS: transcutaneous 

vagus nerve stimulation 

In the following chapters, I present the three studies carried out within the present thesis, 

and subsequently provide a general discussion, summarizing the main findings, pointing out 

limitations, and outlining promising directions for future research. 
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Abstract 

Background: Individuals are able to perform goal-directed behaviors thanks to executive 

functions. According to the neurovisceral integration model, executive functions are 

upregulated by brain areas such as the prefrontal and cingulate cortices, which are also crucially 

involved in controlling CVA. An array of neuroimaging studies already showed that these same 

brain areas are activated by tVNS. Despite evidence toward effects of tVNS on specific 

executive functions such as inhibitory control, there have been no studies investigating what 

type of inhibition is improved by tVNS by systematically addressing them within the same 

experiment. Furthermore, the effect of tVNS on another core executive function, cognitive 

flexibility, has not yet been investigated. 

Objective: We investigated the effects of tVNS on core executive functions such as inhibitory 

control and cognitive flexibility. 

Methods: Thirty-two participants (nine women, Mage = 23.17) took part in this study. vmHRV 

parameters (RMSSD and HF) were measured while participants performed four different 

cognitive tasks that mainly rely on different aspects of both the aforementioned executive 

functions.  

Results: Despite clear conflict effects in the four tasks, only performance on the task used to 

measure set-shifting paradigm was improved by tVNS, with switch costs being lower during 

tVNS than during sham stimulation. Furthermore, HF increased during each of the cognitive 

flexibility tasks, although HF during tVNS did not differ from HF during sham stimulation. 

Conclusion: The results indicate for the first time (a) that tVNS can increase cognitive 

flexibility in a set-shifting paradigm, and (b) that tVNS may exert a stronger effect on cognitive 

flexibility than inhibition. The present study provides only partial evidence for the 

neurovisceral integration model. Future studies should address further paradigms that demand 
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cognitive flexibility, thus investigating this new hypothesis on the specificity of the tVNS 

effects on cognitive flexibility. 

Keywords: tVNS, vagus nerve stimulation, HRV, heart rate variability, cardiac vagal activity, 

executive functions, neurovisceral integration model 

 

5.1. Introduction 

tVNS is a technology used to electrically and noninvasively modulate vagal activity through 

the ABVN. There has been an increasing amount of studies using tVNS to enhance cognitive 

processes that rely on prefrontal activity. An array of these studies addressed specific aspects 

of inhibitory control separately (e.g., Keute, Ruhnau, Heinze, & Zaehle, 2018; Ventura-Bort 

et al., 2018), whereas others investigated more complex cognitive functioning such as 

creativity (Colzato, Ritter, et al., 2018) and implicit spiritual self-representation (Finisguerra 

et al., 2019). Attempts motivated by theory-driven hypotheses to systematically investigate 

the effects of tVNS on different aspects of basic cognitive functions are still scarce. Based on 

the predictions outlined in the neurovisceral integration model (Thayer et al., 2009), the 

current study aimed at investigating the effects of tVNS on the core executive functions 

inhibitory control and cognitive flexibility (Diamond, 2013). Furthermore, and also in line 

with the neurovisceral integration model, we measured CVA during tVNS and cognitive 

performance, a parameter suggested to reflect the effectiveness of executive functioning. 

Executive functions refer to top-down mental processes that serve goal-directed 

behavior (Diamond, 2013). Inhibitory control and cognitive flexibility are considered core 

executive functions, meaning that they are necessary components for building higher-order 

executive functions (Diamond, 2013; Miyake & Friedman, 2012). Inhibitory control involves 

the ability to override dominant or prepotent responses by controlling one’s attention and 

behavior, and can be distinguished between selective attention and response inhibition 
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(Diamond, 2013). Selective attention is expressed by the inhibitory cognitive control of 

attention, which occurs by suppressing prepotent mental representations on the level of 

perception. Response inhibition is a behavioral inhibition that keeps a person from acting 

impulsively. Cognitive flexibility consists in quickly and flexibly switching between tasks or 

mental sets (Diamond, 2013). It can be broken down into task switching and set shifting. Task 

switching differs from set shifting in the type of conflict: task switching is related to 

switching between tasks with different instructions involving different stimuli. Set shifting, in 

turn, consists of shifting attention between different features of the same stimuli to follow a 

given instruction (Dajani & Uddin, 2015).  

Executive functioning is linked to prefrontal activity (Arnsten & Li, 2004). According 

to the neurovisceral integration model (Smith et al., 2017; Thayer et al., 2009), CVA—the 

activity of the vagus nerve regulating cardiac functioning—reflects the output of the central 

autonomic network, which links the prefrontal cortex to the heart (Thayer et al., 2009). The 

optimal activation of the neural pathways within this network is crucial for performing a 

given task that requires cognitive effort and for showing flexible responses to a changing 

environment (Thayer et al., 2009). Because CVA and executive functioning share common 

underlying neurovisceral self-regulation mechanisms, higher CVA is associated with 

improved executive functioning. CVA can be indexed via HRV, the difference in the time 

interval between adjacent heartbeats (Malik, 1996), and specifically by the root mean square 

of the successive differences (RMSSD) and by HF. 

There is a large body of empirical evidence linking higher levels of CVA to higher 

executive performance (Inhibitory control: Alderman & Olson, 2014; cognitive flexibility: 

Colzato, Jongkees, de Wit, van der Molen, & Steenbergen, 2018; Johnsen et al., 2003).  

Based on the evidence of the relationship between executive functioning and CVA as indexed 

by HRV (RMSSD and HF), in the present study we will consider the executive functions 
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described here to investigate if tVNS can improve different types of inhibitory control and 

cognitive flexibility as well as CVA. 

The expected link between tVNS and executive functions can be understood by 

considering the neuroanatomical pathways of the vagus nerve. The electrical signal, starting 

in the ABVN, reaches the nucleus tractus solitarius, which is a crucial structure that projects 

to a variety of brain areas, including cortical regions such as the anterior cingulate cortex and 

the prefrontal cortex (Aihara et al., 2007). As shown by several fMRI studies (Badran et al., 

2018; Frangos, Ellrich, & Komisaruk, 2015; Kraus et al., 2013; Yakunina & Kim, 2017), 

tVNS evoked, in contrast to sham stimulation, higher activity in the nucleus tractus solitarius 

(Frangos et al., 2015; Yakunina & Kim, 2017), in the left prefrontal cortex and in cingulate 

areas (Badran, Dowdle, et al., 2018). Importantly, these brain areas affected by tVNS 

correspond to the areas described by the neurovisceral integration model as regulating both 

executive and cardiac regulation, such as the prefrontal cortex and cingulate areas (Thayer et 

al., 2009, 2012). 

So far, there are studies showing that tVNS affects the types of inhibitory control 

(Table 2). Furthermore, these studies used varying cognitive paradigms, which comprise 

different dependent variables, and addressed the inhibitory control types only separately and 

in different study designs (see Table 2 for an overview of design-related characteristics of 

studies investigating inhibitory control using tVNS). Thus, an integrating, evidence-based 

discussion on the interplay between tVNS and these types of inhibitory control has not been 

possible. 
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Table 2.  

 

Summary of the studies with tVNS addressing different types of inhibitory control. 

Study Dependent 

variable 

Cognitive 

paradigm 

Study 

design 

Sample 

size 

Results 

Beste et al., 

2016 

Response 

inhibition and 

working 

memory 

Backward 

inhibition 

and mental 

workload 

inhibition 

paradigm 

Between-

subjects 

51 Higher response 

inhibition 

processes only 

when working 

memory 

processes are 

needed 

Fischer et 

al., 2018 

Selective 

attention, N2 

and P3 

amplitudes 

Simon Within-

subject 

21 Adaptation to 

conflict was 

enhanced, N2 

amplitude higher 

Keute et al., 

2019 

Automatic 

motor response 

inhibition, 

readiness 

potentials 

Subliminal 

motor 

priming 

Within-

subject 

16 Increased NCE; 

effects on 

readiness 

potentials only in 

compatible trials 

Steenbergen 

et al., 2015 

Response 

selection as a 

consequence of 

response 

inhibition 

Stop-

change 

Between-

subjects 

30 Faster responses 

when two actions 

were executed in 

succession 

Ventura-

Bort et al., 

2018 

Selective 

attention, sAA, 

P3a and P3b 

amplitudes 

Oddball Within-

subject 

20 Increased sAA after 

tVNS; easy trials 

produced larger P3b 

amplitudes 

Note. NCE = negativity comparability effect; sAA = salivary alpha-amylase; tVNS = 

transcutaneous vagus nerve stimulation 

 

As stated above, executive functions and CVA share overlapping neurological 

structures, with both being upregulated by cortical areas, including the prefrontal cortex 

(Thayer et al., 2009). Given that the tVNS signal is sent afferently to the prefrontal cortex via 

ABVN, CVA has also been thought to be affected by tVNS (Murray et al., 2016). Using 

RMSSD to measure the effect of tVNS on CVA, different studies did not find any differences 
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between active and sham stimulation (Burger, Van der Does, Thayer, Brosschot, & Verkuil, 

2019; Burger et al., 2016; De Couck et al., 2017). One study showed in three experiments 

that tVNS consistently increased RMSSD; however, this increase was similarly observed 

during both active and sham stimulation, with this possibly indicating that tVNS sends non-

specific signals at the brainstem level that similarly influence CVA in both active and sham 

stimulation (Borges et al., 2019). Nonetheless, this study did not take any cognitive paradigm 

into account, which might have contributed to understanding if this possible signal non-

specificity—identified as an increase in CVA during both active and sham stimulation—can 

also be observed in cognitive functions. This possibility would challenge the use of earlobe 

sham stimulation, which has widely been used in current research with tVNS. Therefore, 

further studies on the effect of active as well as sham tVNS on CVA are still needed. 

To summarize, there is evidence towards the modulation of inhibitory control by 

tVNS; however, these findings refer to different cognitive phenomena that have been found in 

different samples and in the context of different study designs. So far, there is no study that 

has systematically investigated the effects of tVNS on different aspects of core executive 

functions, and importantly, there is a lack of studies whose hypotheses were explicitly 

motivated by a theory. To address different aspects of executive functioning in an integrative 

way, it is crucial to use the same study design and setup. This way it is possible to control for 

possible experimental variations such as length of resting and of stimulation periods, daytime, 

and other factors that might influence measurement of CVA. Confounders related to study 

design, e.g., instructions, laboratory setup, and differences in sample size, can also be 

considered. Thus, going beyond existing literature, the present study aims at investigating the 

effects of tVNS on inhibitory control, cognitive flexibility, and CVA. To achieve this, it uses 

an integrative theoretical background, namely the neurovisceral integration model (Thayer et 

al., 2009), and applies the same study design across these target executive functions. Based 



Article I                41 

 

 

on the evidence on neurophysiological pathways related to tVNS, addressing cognitive 

processes that mainly rely on different executive functions might help to further understand 

how tVNS affects basic cognitive processes involved in goal-directed behavior. 

Against this background, it was hypothesized that the performance on the four 

cognitive tasks is higher during active tVNS, compared to sham stimulation (H1a for 

selective attention, H1b for response inhibition, H1c for task switching, and H1d for set 

shifting; this assignment of the subtypes of executive functions to the letters is also valid for 

the next hypotheses). Furthermore, we expected that CVA increases relatively to the resting 

phase only during active stimulation and not during sham stimulation, with CVA during the 

tasks being higher in the active tVNS condition (H2a-d). Moreover, we hypothesized that 

CVA during tVNS and before each cognitive task is positively associated with task 

performance only in the active tVNS condition (H3a-d). Finally, we expected CVA during the 

tasks to have a more strongly positive relationship to task performance in the active condition 

than in the sham condition (H4a-d). 

5.2. Materials and Methods. 

5.2.1. Participants.  

As it is not possible to run power analyses for multi-factorial repeated-measures 

designs with G*Power 3.1 (Faul et al., 2007), we followed the same procedure found in 

previous studies with similar study design (e.g., Liepelt, Porcu, Stenzel, & Lappe, 2019). 

Accordingly, we matched the average number of participants in the studies that investigated 

executive functions with tVNS using a within-subject design (summarized in Table 2). Since 

we also measured CVA, we additionally considered the average sample size in Borges et al. 

(2019), because this study systematically investigated the effect of tVNS on CVA in different 

experiments. Twenty-nine participants were calculated to be necessary to find an effect. 

Anticipating possible exclusions due to drop-outs and after data cleaning, we recruited 35 
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participants. Thirty-two participants (nine female) were included in the analysis due to 

technical problems with the electrocardiogram (ECG) signal of three participants. Mean age 

was 23.17 years old (SD = 4.08), whereby female participants had Mage = 21.11, SD = 1.27, 

and male participants had Mage = 24.87, SD = 5.87). Consort flowchart (Dwan et al., 2019) is 

presented in Figure 6. 

 

Figure 6. Consort (2019) diagram. 

 

The sample consisted of healthy students at the local university. Participants were 

eligible if they were not pregnant at the time of the experiment and free of cardiovascular or 

neurological diseases, or major mental disorders, for example severe depression or anxiety 

disorder. They were asked not to smoke, exercise, or consume food, alcohol, or caffeine for at 

least 2 h before participation. These potentially confounding variables as well as tVNS 

safety-related questions were assessed by means of an adapted version of the demographics 
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questionnaire for experiments using HRV developed by Laborde, Mosley, and Thayer (2017). 

All participants gave written informed consent prior to the experiment, which was approved 

by the local ethical committee (ethics approval number 120/2018).  

5.2.2. Transcutaneous vagus nerve stimulation. 

We employed the NEMOS tVNS device developed by tVNS Technologies GmbH (Erlangen, 

Germany). Two titan electrodes found in a structure similar to an earphone are placed in the 

cymba conchae of the left ear, an area thought to be exclusively innervated by the ABVN 

(Peuker & Filler, 2002), in order to electrically stimulate these vagal fibers (Ellrich, 2011). In 

the sham stimulation, the electrodes are placed on the left earlobe, which is thought to be free 

of vagal innervation (Peuker & Filler, 2002) and has abundantly been used as a sham 

stimulation in research with tVNS (van Leusden et al., 2015). The tVNS device delivers a 

stimulation with a pulse width of 200–300 μs at 25 Hz and an on–off cycle of 30 s. Regarding 

the adjustment of the stimulation intensity, CVA may be similarly influenced by electrical 

afferent stimuli that are triggered by different methods to stipulate stimulation intensity 

(Borges et al., 2019). Therefore, we followed procedures found in previous research with 

tVNS that allow participants to choose their individual intensity (Fischer et al., 2018; 

Ventura-Bort et al., 2018). Accordingly, in each session participants received increasing and 

decreasing series of 10-s stimulation trials, and rated the subjective sensation of the 

stimulation on a 10-point scale, ranging from nothing (0), light tingling (3), strong tingling 

(6), to painful (10). The increasing series of trials started from an intensity of 0.01 mA and 

increased by 0.01 mA on a trial-by-trial basis until participants reported a tingling sensation 

of 9. Before starting the decreasing series, the same intensity was repeated and then reduced 

trial by trial in 0.01 mA until a subjective sensation of 6 or below was experienced. This 

procedure was repeated a second time. The final stimulation intensity used for the 

experimental procedure was calculated based on the average of the four intensities rated as 8 
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(two from the increasing and two from the decreasing series). The average chosen stimulation 

intensity in the active condition was M = 2.19 mA (SD = 0.93) and M = 2.20 mA (SD = 1.06) 

in the sham condition. These stimulation intensities did not differ significantly from each 

other, t(31) = 0.063, p = .950. 

5.2.3. Cardiac vagal activity. 

To assess CVA, we used the Faros 180° device from Mega Electronics (Kuopio, Finland) 

with a set sampling rate of 500 Hz. This device enables users to measure the ECG signal as 

recommended by current guidelines on HRV measurement for psychophysiological 

experiments (Laborde et al., 2017). We placed two disposable ECG pre-gelled electrodes 

(Ambu L-00-S/25, Ambu GmbH, Bad Nauheim, Germany) on the chest, the positive 

electrode on the right infraclavicular fossa and the negative one on the left anterior axillary 

line below the 12th rib.  

RMSSD, as well as HF (0.15 Hz to 0.40 Hz band) transformed with autoregressive 

modeling, were chosen as indicators of CVA in the main analyses (Malik et al., 1996). From 

ECG recordings, we extracted HRV with Kubios software (University of Eastern Finland, 

Kuopio, Finland), visually inspected the full ECG recording, and manually corrected artifacts 

(Laborde et al., 2017). Since HF is only influenced by breathing when breathing cycles are 

between nine cycles per minute (0.15 Hz) and up to 24 cycles per minute (0.40 Hz) (Malik et 

al., 1996), participants with a respiration rate of less than nine cycles per minute and more 

than 24 cycles per minute were excluded from analyses with HF. The respiration rates (the 

number of respiratory cycles per minute) was obtained multiplying the ECG-derived 

respiration value obtained via the Kubios algorithm by 60 (Tarvainen, Niskanen, Lipponen, 

Ranta-aho, & Karjalainen, 2013) and was also separately analyzed. We considered for 

analysis measurements in blocks of 4 min, which is in accordance with the range suggested 

by recommendations for experiment planning in psychophysiological research (Laborde et 
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al., 2017). Given that the cognitive tasks differed greatly from one another regarding time 

length, with the tasks lasting between 5 and 15 minutes, for the analysis within task blocks 

we chose a time window of the last 4 minutes respectively for each cognitive task. 

5.2.4. Cognitive tasks. 

In order to standardize the tasks and therefore avoid response mistakes, all tasks used the 

keys “S” and “K” as responses for left and right, respectively. The participants were 

instructed to press the buttons with their index fingers, and the stimuli were presented in 

white against a grey background (except for the set-shifting task). We used a 24-in. flat-

screen monitor (1,920 x 1,080 pixels at 60 Hz) at a viewing distance of 60 cm to present the 

tasks and ran all of them with PsychoPy3 Version 3.0.0 (Peirce et al., 2019). The participants 

performed four tasks which are thought to mainly rely on inhibitory control (selective 

attention and response inhibition), and cognitive flexibility (task switching and set shifting). 

These tasks were chosen according to two criteria: First, we followed recommendations from 

influential reviews on executive functions (Diamond, 2013; Miyake & Friedman, 2012). For 

the choice of the cognitive task, we considered the task impurity problem: according to 

Miyake and Friedman (2012), because executive functions necessarily manifest themselves 

by operating on other cognitive processes, any executive task strongly implicates other 

cognitive processes that are not directly relevant to the target executive function. 

Consequently, we chose the tasks that are thought to minimize demands of other executive 

functions (Diamond, 2013). Second, we performed a literature search to find studies that used 

the tasks recommended by the aforementioned reviews and also provided evidence on the 

relationship with a) tVNS, b) CVA, and c) prefrontal activity (imaging studies). The tasks 

chosen are the following: 

5.2.4.1 Flanker task. Following recommendations from Diamond (2013), to measure selective 

attention we used a modified version of the Flanker task (Eriksen & Eriksen, 1974). We used 
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the Flanker task as reported by Alderman and Olson (2014). With this version, it could be 

shown that individuals with higher fitness levels expressed higher HF values during the task, 

and that these individuals had lower RT than the less fit group. A trial consists of five arrows 

in which the third one is the target arrow. Participants were asked to press the left key on the 

computer keyboard when the target arrow pointed to the left and the right key when the target 

arrow pointed to the right. Participants were instructed to respond as quickly and accurately 

as possible for each trial. After a practice block of 30 trials, two experimental blocks of 120 

trials each were presented, each separated by 30 s. Each block consisted of congruent and 

incongruent stimuli presented in random order. The congruent trials consisted of the target 

arrow being flanked by arrows facing the same direction, while incongruent trials involved 

the target arrow being flanked by arrows facing the opposite direction. Each stimulus was 

presented for 100 ms (to increase task difficulty) with a response window of 1,500 ms. A 

random inter-stimulus time interval of 1,100, 1,300 or 1,500 ms was also used between each 

50 ms visual fixation (+) and the stimulus in order to increase task difficulty (Figure 7a). 

5.2.4.2 Spatial Stroop task. The task for measuring response inhibition was the 

Spatial Stroop task, as this task is thought to minimize memory demands compared to other 

classical tasks such as the Simon task (Diamond, 2013). This response inhibition task was 

designed according to Marotta, Román-Caballero, and Lupiáñez (2018), from which we only 

took the arrow part of the task, and consisted of a practice and two experimental blocks. 

During the practice block, 15 trials were presented, and feedback was provided. The practice 

block was followed by two experimental blocks of 64 experimental trials each. Participants 

were instructed to fixate a fixation cross presented in the center of the screen. A directional 

arrow appears randomly on the left or on the right side of the fixation point, and this arrow 

points randomly to the right or the left side. Participants are required to indicate the direction 

of the arrow by pressing the left key if the arrow points to the left and the right key if the 
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arrow points to the right, while ignoring its location. They were instructed to respond as 

quickly and accurately as possible for each trial. The arrow was presented either left or right 

of the fixation cross for 2,000 ms. Feedback for incorrect key presses was provided to 

participants in the form of a 220-Hz tone presented for 1,500 ms. This design produced trials 

that were congruent (e.g., a right-indicating target presented on the right) or incongruent (e.g., 

a left-indicating target presented on the right, see Figure 7b). 

 

Figure 7. Visual depiction of the four cognitive tasks used in the study. (a) Flanker task; 

(b) Spatial Stroop task; (c) Number letter task (NLT); (d) Dimensional Change Card 

Sorting Test (DCCS) 

5.2.4.3 Number-Letter task. We used the Number-Letter task (NLT) as described in 

Colzato, Jongkees, et al. (2018), which found that participants with higher resting-state 

cardiac vagal activity showed greater flexibility than individuals with lower resting-state 

CVA. Throughout the task, a 10-cm square divided into four quadrants was displayed on the 

computer screen. During each trial, a character pair consisting of letters, numbers or symbols 
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was presented in the center of one quadrant. Participants had to either perform a letter task in 

which they classified the letter in the stimulus pair as a consonant or a vowel, or they had to 

perform a number task in which they classified the number in the pair as odd or even. They 

were instructed to respond as quickly and accurately as possible for each trial. After their 

response or after 2,000 ms had passed, a new stimulus pair was displayed in the next quadrant 

following a clockwise pattern. The upper quadrants were assigned to the letter task and the 

lower quadrants to the digit task, so that the display location served as a task cue and the task 

changed predictably. Depending on the task, the relevant character in the stimulus pair was 

either a letter or a digit, whereas the second and irrelevant character was either a member of 

the other category, so that the response afforded by this character could be congruent or 

incongruent with the task-relevant response, or was drawn from a set of neutral characters. 

This design produced switch trials in Quadrants 1 and 3, and non-switch trials when the 

stimuli appeared in Quadrants 2 and 4. Consonants were sampled randomly from the set <G, 

K, M, R>, vowels from the set <A, E, I, U>, even numbers from the set <2, 4, 6, 8>, odd 

numbers from the set <3, 5, 7, 9>, and neutral characters from the set <#, ?, *, %>, with the 

restriction that a stimulus could not be repeated on successive trials. The position of the task-

relevant character within a pair (left or right) was randomly determined on each trial. The 

participants pressed the left key to indicate “even” or “consonant” and the right key to 

indicate “odd” or “vowel”. Participants completed a practice set of 9 blocks, each with 16 

trials, before entering the experimental phase. This consisted of a set of 15 blocks, with each 

block again consisting of 16 trials. A short response stimulus interval (RSI) of 150 ms was 

chosen which remained constant within a given set. A short RSI, the so-called preparation 

component, has been shown to provoke more pronounced switch costs than long RSI, also 

known as residual component. This is because shorter intervals usually hamper the 

reconfiguration process before the stimulus is presented (Colzato, Jongkees, et al., 2018). 
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Stimuli were response-terminated or presented for a maximum duration of 2,000 ms (Figure 

7c). 

5.2.4.4 Dimensional Change Card Sorting task. The Dimensional Change Card 

Sorting task (DCCS) based on Zelazo and colleagues (2014) was used in the present study to 

measure set shifting, as recommended by Diamond (2013). This version is part of the NIH 

Toolbox Cognition Battery and was validated with 268 adults (Zelazo et al., 2014). DCCS 

makes use of two different styles of bivalent cards, displaying a red rabbit on the left and a 

blue truck on the right side at the bottom of the screen throughout the task. The participants 

are then asked to respond to a centrally-presented bivalent stimulus (blue/red rabbit/truck) 

regarding either its shape or color. Pressing the left key sorts the stimulus to the location of 

the left target (i.e., the red rabbit); pressing the right key sorts the stimulus to the location of 

the right target (i.e., the blue truck). The DCCS task consists of four blocks (practice, pre-

switch, post-switch, and mixed). During the practice block with 24 trials (12 for each 

dimension), participants receive a feedback whether the response was correct or false. At the 

beginning of each trial, a fixation cross was shown for 1,000 ms, being followed by the cue 

(the word “color” or “shape”) they had to respond to. This cue was presented for 1,000 ms. 

The stimulus was then presented and disappeared only after a response was recorded. Test 

trials started with a pre-switch block consisting of 15 trials that had the same sorting 

dimension (color or shape) that was used in the preceding practice block. After that, 

participants were cued to the other dimension, and a post-switch block with 15 trials took 

place. When those two blocks are finished, the mixed block begins. Participants are then 

instructed to sort the stimuli to the dimensions and they are presented with 50 mixed trials 

that are presented in a pseudorandomized order. This mixed block includes 40 “dominant” 

and 10 “non-dominant” trials. The dominant dimension, which could be shape or color, was 

always the sorting dimension that participants were presented to in the post-switch block. The 
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arrangement for all three test blocks is the same as for practice trials, but no feedback is 

provided. The order of the pre- and post-switch blocks as well as the task version with one of 

the dominant dimensions was counterbalanced across participants (Figure 7).   

5.2.5. Procedure. 

The experiment had a sham-controlled, single-blinded, randomized crossover within-subject 

design. For each stimulation condition (active or sham stimulation), the participants 

underwent all tasks within one session. The order of the tasks was randomized for each 

participant beforehand. After determining the individual stimulation intensity (familiarization 

phase), a total of four task blocks were presented, one per task. Each block consisted of one 

cognitive task and a total of three measurements: The first one was done to take only resting 

CVA into account (resting period, 4-min measuring interval), the second to measure CVA 

during the stimulation (tVNS period, 4-min period), and the third to measure CVA during the 

stimulation simultaneously with the cognitive tasks (task period, 4 min). The tVNS period 

was included because there is a lack of evidence on the temporal latency of the effects of 

tVNS (Borges et al., 2019). Thus, a build-up period of four minutes of the effects of tVNS 

and sham stimulation was used, as done in previous studies (e.g. Burger et al., 2019). 

Between each test block, the participants could take a 30-s break and were then asked to 

continue with the next task (Figure 8). 
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Figure 8. A) Experimental overview. B) Graphical depiction of the phases within each block. 

In total, the participants underwent four task blocks per testing day in a randomized order. 

  

The data collection took place on two different dates with approximately one week 

between the two sessions. During the sessions, either active or sham stimulation was 

administered to each participant. According to the crossover design, all participants 

underwent both stimulation conditions. The order of stimulation condition (active-sham; 

sham-active) was counterbalanced across participants. After taking a seat, signing the 

informed consent, and answering questions from a body check which included questions 

related to the exclusion criteria, the ECG and the tVNS electrodes were positioned. The 

participants then performed the four cognitive tasks across the four blocks. The HRV resting 

measure was taken in a sitting position with the eyes looking at a grey screen, knees at 90°, 

and hands on the thighs. The same body position was kept for all measurement periods, and 

the participants were asked to move as little as possible during the experiment. The order of 
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the tasks was counterbalanced, however the course of events in both conditions was identical. 

At the end of the second testing session, the participants were debriefed and thanked. 

5.2.6. Data analysis. 

Outliers in the HRV data (less than 1% of the data) were winsorized, meaning that values 

higher/lower than two standard deviations from the mean were transformed into a value of 

two standard deviations from the mean. Since the HRV data as well as the tasks data were 

afterwards still positively skewed, they were log-transformed to obtain a normal distribution. 

We ran the analyses with the log-transformed values; however, we indicate the raw data as 

descriptive values, given that they can be more easily interpreted. We excluded incorrect and 

missed responses for all RT analyses, and for all error percentage analyses, incorrect and 

missed responses were included. We defined the same cut-off values to exclude outliers in the 

four cognitive tasks, namely responses faster than 200 ms and greater than 2,000 ms. 

To test H1a-d, we ran 2x2 rmANOVAs with stimulation condition (active vs. sham 

stimulation) and congruency (congruent vs. incongruent trial) for inhibitory control tasks, and 

stimulation condition (active vs. sham stimulation) and trial type (switch vs. non-switch trial) 

for cognitive flexibility tasks as within-subject factors. The relevant task parameters are RT 

and percentage error for all four tasks, and additionally switch costs for the cognitive 

flexibility tasks. Only for the effect of tVNS on switch costs (RT on switch trials minus RT on 

repeated trials), paired samples t-tests were run. To investigate H2a-d, we ran a 2 (active and 

sham stimulation) x 3 (resting, single tVNS, and task period) rmANOVA for each task block. 

Relevant dependent variables were RMSSD, HF, and respiratory frequency. To address H3a-

d, we ran separated Pearson product-moment correlation matrices, one for active and one for 

sham stimulation, for all tasks. We investigated the correlation between RMSSD and HF 

during the single tVNS period and RT and percentage error, while controlling HF for 

respiration. In the analysis of the cognitive flexibility tasks, we additionally included switch 
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costs. Finally, to test H4a-d, we did the same analysis as for H3a-d, but considering RMSSD 

and HF during the tasks instead of during the single tVNS period. To control for false 

discovery rate (FDR) due to multiple correlation testing, for all correlation matrices we 

applied the Benjamini–Hochberg procedure which adjust the p value (Benjamini & 

Hochberg, 1995). For all rmANOVAs, Greenhouse–Geisser correction was used when 

sphericity was violated. In the case of a significant main or interaction effect, post hoc paired 

sample t-tests with aggregated means were conducted using Bonferroni correction.  

To quantify evidence for the hypotheses found, we ran Bayesian statistics using 

Bayesian information criteria (Wagenmakers, 2007) for all analyses. Terms used to discuss 

the reported Bayes factors are based on Wetzels and colleagues’ recommendations (2011). 

Accordingly, values higher than 1 provide evidence for alternative hypotheses, whereas 

values lower than 1 provide evidence for null hypotheses. The Bayes factor can have the 

following meanings: anecdotal or worth no more than a bare mention (0.333 < B10 < 3), 

substantial (0.100 < B10 ≤ 0.333 or 3 ≤ B10 < 10), strong (0.033 < B10 ≤ 0.100 or 10 < B10 < 

30), very strong (0.010 < B10 ≤ 0.033 or 30 ≤ B10 < 100), and decisive (B10 ≤ 0.010 or B10 ≥ 

100) evidence.  

To control for carry-over effects on RMSSD and HF, which potentially arose in the 

current block due to the previous block, we tested the effect of position (i.e., first, second, 

third and fourth resting periods arranged chronologically) on each testing day. We also took 

the testing days (Day 1 and Day 2) into account in the same analysis and checked if there was 

a difference in RMSSD and HF from the first to the second day. We ran two separated 2 (Day 

1 and Day 2) x 4 (Resting period 1, Resting period 2, Resting period 3, and Resting period 4) 

rmANOVAs, one for each vmHRV parameter. Furthermore, we checked whether there was a 

learning effect in the cognitive tasks from one testing day to the other by running 2 (Day 1 

and Day 2) x 2 (congruent and incongruent or non-switch and switch trials, depending on the 
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task) rmANOVAs, one for each behavioral measurement. The results of these additional 

analyses can be found as in Subsection 5.5.1. To report the results of the present study, we 

followed the CONSORT statement, which stands for Consolidated Standards of Reporting 

Trials (Dwan et al., 2019). We used IBM SPSS Statistics 26 to prepare the data and JASP 

0.11.1 to analyze it. Significance level was α = .05. 

5.3. Results 

5.3.1. Effects of tVNS on executive functions. 

Descriptive statistics are presented in Table 3, and complete results of the hypothesis testing 

can be found in Table 4 (inhibitory control tasks) and Table 5 (cognitive flexibility tasks), 

here we will mainly focus on significant results as well as on results of Bayesian estimations 

for effects of stimulation. The rmANOVAs revealed that, regarding RTs in the Flanker task, 

there was an effect of congruency, F(1, 31) = 95.788, p < .001, ηp² = .755, with RTs in the 

congruent trials (M = 475.93 ms, SD = 52.14) being significantly shorter than in the 

incongruent trials (M = 555.38 ms, SD = 72.28), t(31) = 9.100, p < .001, d = 1.609. No effect 

of active stimulation compared to sham stimulation could be found, (p = .283). Regarding 

percentage error in the Flanker task, there was an effect of congruency, F(1, 31) = 8.202,  

p = .007, ηp² = .209, with congruent trials (M = 4.40%, SD = 4.40) presenting less errors than 

incongruent trials (M = 6.80%, SD = 7.12), t(31) = 3.157, p = .004, d = 0.558. No effect of 

active stimulation compared to sham stimulation could be found, (p = .760). According to the 

estimated Bayes factors (alternative/null), data provided substantial evidence for null effects 

of stimulation condition on RT (B10 = 0.311) and substantial evidence of null effects in 

percentage error (B10 = 0.196). 

For RT in the Spatial Stroop task, there was an effect of congruency, F(1,31) = 

39.001, p < .001, ηp² = 0.557, with RTs in the congruent trials (M = 504.08 ms, SD = 51.73) 

being significantly shorter than in the incongruent trials (M = 531.64 ms, SD = 56.21), t(31) = 
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6.245, p < .001, d = 1.104. No effect of active stimulation compared to sham stimulation 

could be found (p = .361). Regarding percentage error, there was an effect of 

congruency, F(1,31) = 37.673, p < .001, ηp² = 0.549, with congruent trials (M = 1.47%, SD = 

1.48) presenting less errors than incongruent trials (M = 4.39%, SD = 3.63), t(31) = 

6.138, p < .001, d = 1.085. No effect of active stimulation compared to sham stimulation 

could be found (p = 0.756). According to the estimated Bayes factors, data provided 

anecdotal evidence against the alternative hypothesis for stimulation condition regarding RT 

(B10 = 0.344) and substantial evidence against evidence for effects of stimulation on 

percentage error (B10 = 0.201). Furthermore, Bayesian estimation indicated substantial 

evidence for an interaction effect (B10 = 3.047). 

For NLT, an effect of trial type (switch trial vs. non-switch trial) could be found on 

RT, F(1,31) = 225.365, p < .001, ηp² = 0.879, with non-switch trials (M = 969.73 ms, SD = 

130.41) having shorter RT than switch trials (M = 1,209.02 ms, SD = 127.84), t(31) = 

15.012, p < .001, d = 2.654. No effect of active stimulation compared to sham stimulation 

could be found regarding RT (p = 0.505). Switch costs during active stimulation (M = 225.23 

ms, SD = 107.14) and during sham stimulation (M = 251.08 ms, SD = 97.47) did not differ 

from each other, p = .140. Regarding percentage error, there was an effect of trial 

type, F(1,31) = 59.615, p < .001, ηp² = .658, with non-switch trials (M = 22.68%, SD = 2.91) 

presenting more errors than switch trials (M = 20.39%, SD = 3.22), t(31) = 

7.721, p < .001, d = 1.365. There was no main effect of stimulation (p = .168). Bayes factor 

indicates substantial evidence against the alternative hypothesis for stimulation condition 

regarding RT (B10 = 0.210), anecdotal evidence supporting the effect of stimulation on 

percentage error (B10 = 1.097), and anecdotal evidence against the effect of tVNS on switch 

costs (B10 = 0.529). 
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For DCCS, an effect of trial type on RT could be found, F(1,31) = 14.720, p = .001, 

ηp
2 = .322, with non-switch trials (M = 969.73 ms, SD = 130.41) having shorter RT than 

switch trials (M = 1,209.02 ms, SD = 127.84), t(31) = 15.012, p < .001, d = 2.654. There was 

no effect of stimulation on RT (p =.904), but there was an interaction effect between trial type 

and stimulation conditions, F(1,31) = 11.106, p = .002, ηp
2 = .264. Post hoc analyses 

(Bonferroni-corrected p = .013) revealed that RT in non-switch trials during the sham 

stimulation condition (M = 557.51 ms, SD = 113.56) was significantly lower than RT in 

switch trials during the sham condition (M = 614.01 ms, SD = 138.65), t(31) = 

4.767, p < .001, d = 0.843. Regarding percentage error, there was an effect of trial 

type, F(1,31) = 15.343, p < .001, ηp
2  = 0.331, with non-switch trials having a lower 

percentage error (M = 17.49%, SD = 11.39) than switch trials (M = 28.00%, SD = 

17.30), t(31) = 3.917, p < .001, d = 0.692. There was no effect of stimulation on RT 

(p = .677). Active and sham stimulation differed significantly regarding switch costs, with 

switch costs during active stimulation (M = 4.77 ms, SD = 39.75) being lower than during 

sham condition (M = 37.54 ms, SD = 45.39), t(31) = 2.797, p = .009, d = 0.494. Bayes factor 

indicates substantial evidence against any effects of stimulation condition on RT (B10 = 

0.192), against the alternative hypothesis for percentage error (B10 = 0.233), and substantial 

evidence for the differences in switch costs (B10 = 4.916). Furthermore, Bayesian estimation 

indicated substantial evidence for an interaction effect (B10 = 3.047). 

5.3.2. Effects of tVNS on cardiac vagal activity. 

Descriptive statistics are presented in Table 6, and complete results of the hypothesis testing 

can be found in Table 4 (inhibitory control tasks) and Table 5 (cognitive flexibility tasks), 

here we will mainly focus on significant results as well as on results of Bayesian estimations 

for effects of stimulation. Regarding changes of CVA within the test blocks (i.e., between 

resting, single tVNS, and tVNS with task periods, as well as between active and sham 
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stimulation), for Flanker task there was neither a main effect of stimulation condition  

(p = .621), nor of time on RMSSD (p = .065). The same applies to the main effects on HF 

(stimulation condition: p = .135; time: p = .221). There was no effect of stimulation on 

respiratory frequency (p = .405), but an effect of time, F(1.587, 49.206) = 3.518, p = .047, ηp² 

= .102. However, post-hoc analyses (Bonferroni-corrected p = .017) revealed no significant 

mean differences. According to the estimated Bayes factors, data provided substantial 

evidence against the alternative hypothesis for stimulation condition regarding RMSSD 

(B10 = 0.215), and anecdotal evidence regarding HF (B10 = 0.664). 

For the Spatial Stroop task, neither a main effect of stimulation on RMSSD,  

(p = .926), nor of time, (p = .084), was found. There was an interaction effect between the 

stimulation condition and RMSSD, F(2, 62) = 3.845, p = .027, ηp² = .110, however post-hoc 

analyses revealed no effects after Bonferroni correction (p = .006). There was no effect of 

stimulation (p = .915), and time (p = .132) on HF and no effects on respiratory frequency 

(stimulation: p = .648, time: p = .062). Bayes factor indicates substantial evidence against the 

alternative hypothesis for stimulation condition regarding RMSSD (B10 = 0.189), HF (B10 = 

0.196), and respiratory frequency (B10 = 0.227). 

For the NLT, there was neither an effect of stimulation on RMSSD (p = .991), nor on 

time (p = .599). Regarding HF, no effect of stimulation (p = .575), but a main effect of time 

was found, F(2, 46) = 4.689, p = .014, ηp² = .039. Post-hoc analyses (Bonferroni-corrected  

p = .017) revealed that HF during the resting period (M = 12.92, SD = 8.25) was significantly 

lower than during the task period (M = 18.31, SD = 9.39), t(31) = 4.108, p < .001, d = 0.726. 

According to the estimated Bayes factors, there is substantial evidence against the alternative 

hypothesis for stimulation condition regarding RMSSD (B10 = 0.152), regarding HF (B10 = 

0.216), and respiratory frequency (B10 = 0.159). 
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For the DCCS, there was neither a main effect of stimulation condition on RMSSD,  

(p = .877), nor of time, (p = .212). Regarding HF, there was no effect of stimulation,  

(p = .646), but a main effect of time, F(1.613, 38.708) = 6.821, p = .002 ηp² = .078. Post-hoc 

analyses (Bonferroni-corrected p = .017) revealed that HF increased from resting (M = 13.36, 

Table 6.  
 

Mean scores and standard deviations for the heart rate variability parameters over time in the four 

cognitive task blocks. 

   RMSSD  HF  Respiratory frequency 

   Active 

stimulation 

Sham 

stimulation 

 Active 

stimulation 

Sham 

stimulation 

 Active 

stimulation 

Sham 

stimulation 

Flanker 

task 
Resting 48.43 

(22.38) 

52.34 

(26.56) 

 13.81 

(8.78) 

13.71 

(12.45) 

 12.36 

(2.06) 

12.19 

(2.68) 

 tVNS 52.56 

(28.53) 

54.66 

(25.02) 

 15.27 

(11.26) 

19.59 

(13.94) 

 12.51 

(2.40) 

12.10 

(2.91) 

  Task 55.44 

(29.81) 

55.26 

(24.66) 

 14.44 

(9.60) 

16.16 

(11.56) 

 12.23 

(2.33) 

11.66 

(3.03) 

Spatial 

Stroop 

task 

Resting 52.38 

(27.64) 

53.48 

(21.52) 

 12.97 

(10.05) 

14.12 

(10.80) 

 14.70 

(9.61) 

15.85 

(10.79) 

tVNS 54.47 

(25.99) 

58.85 

(26.31) 

 18.74 

(13.19) 

17.31 

(13.60) 

 19.60 

(11.82) 

19.16 

(15.58) 

  Task 55.93 

(26.89) 

50.70 

(19.28) 

 15.65 

(8.45) 

17.45 

(13.91) 

 16.25 

(9.12) 

20.32 

(16.48) 

NLT Resting 51.82 

(24.75) 

50.07 

(22.2) 

 18.06 

(12.22) 

13.83 

(10.98) 

 12.20 

(2.03) 

12.02 

(2.33) 

 tVNS 49.91 

(21.12) 

51.82 

(20.44) 

 18.51 

(12.56) 

18.85 

(15.07) 

 12.27 

(2.05) 

12.38 

(2.64) 

  Task 50.28 

(25.77) 

48.78 

(18.45) 

 17.78 

(12.13) 

17.547 

(9.40) 

 12.06 

(1.88) 

12.17 

(2.48) 

DCCS Resting 54.26 

(24.46) 

51.82 

(22.46) 

 14.93 

(10.11) 

16.24 

(14.98) 

 13.52 

(8.82) 

15.66 

(13.96) 

 tVNS 54.90 

(25.86) 

57.4 

(24.75) 

 17.56 

(12.57) 

19.59 

(13.11) 

 17.95 

(12.18) 

19.23 

(12.80) 

  Task 56.36 

(24.52) 

55.41 

(23.24) 

 19.83 

(13.16) 

17.55 

(11.14) 

 20.76 

(11.75) 

19.90 

(10.07) 

Note. RMSSD = root mean square of the successive differences; HF = high frequency; tVNS = 

transcutaneous vagus nerve stimulation (single stimulation phase); NLT = Number Letter task; DCCS 

= Dimensional Change Card Sorting task 
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SD = 9.42) to single stimulation phase, (M = 16.71, SD = 11.20), t(31) = 3.205, p = .003, d = 

0.566, and from resting to task phase, (M = 19.71, SD = 8.96), t(31) = 4.708, p < .001, d = 

0.832. According to the estimated Bayes factors, data provided substantial evidence against 

the alternative hypothesis for RMSSD regarding stimulation condition (B10 = 0.160), 

regarding HF (B10 = 0.186), and regarding respiratory frequency (B10 = 0.168). 

5.3.3. Correlations between HRV and cognitive performance.  

We ran Pearson product-moment correlations to investigate if vmHRV parameters that were 

measured during the single stimulation phase and the task phase predicted performance on 

the cognitive tasks. Complete correlation matrices can be found in Table 7 (for inhibitory 

control tasks) and Table 8 (for cognitive flexibility tasks), here we will only present 

significant results. None of the vmHRV parameters measured during the Flanker task 

correlated with the cognitive parameters. Regarding the Spatial Stroop task, there was only 

significant correlations between the parameters measured in the sham condition: RT in both 

congruent (r(30) = −.42, p = .018) and incongruent trials (r(30) = −.39, p = .027) correlated 

negatively with RMSSD during the single stimulation phase. HF correlated negatively with 

RT in the congruent trials during the single stimulation phase (r(28) = −.43, p = .038), and 

positively with percentage error of the incongruent trials during the single stimulation phase 

(r(28) = .43, p = .032). In the NLT, RMSSD correlated positively with percentage error of 

non-switch trials during the active condition (r(30) = .40, p = .025). In the active condition, 

HF during the single stimulation phase correlated negatively with RT of both non-switch 

(r(23) = −.44, p = .015) and switch trials (r(23) = −.50, p = .005), and HF during the task 

phase correlated negatively with switch costs (r(23) = −.42, p = .019). In the sham condition, 

HF correlated positively with percentage error during the task phase (r(23) = .48, p = .015). 

In the DCCS, switch costs in the active condition correlated positively with RMSSD during 

the single stimulation phase (r(30) = .40, p = .024), with RMSSD during the task phase 
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(r(30) = .37, p = .035), and negatively with HF during the task phase (r(29) = −.42, p = .019). 

HF during the task phase correlated positively with RT of both non-switch (r(29) = 

−.40, p = .026) and switch trials (r(29) = −.42, p = .018). Importantly, after adjusting the p-

values using the FDR correction, none of these correlations remained significant. 

5.4. Discussion 

The aim of this study was to investigate the effect of tVNS on performance in tasks 

commonly used to measure inhibitory control and cognitive flexibility, core executive 

functions on which higher-order executive functions rely. Based on the neurovisceral 

integration model (Thayer et al., 2009), we hypothesized that executive performance would 

be better during the active stimulation condition compared to the sham stimulation condition 

(H1a–d). Conflict effects were found in all four tasks used. However, among the four tasks, 

only in the DCCS a better performance could be directly linked to tVNS, with switch costs 

being lower in the active condition than in the sham condition. For this reason, among the H1 

hypotheses, only H1c was supported. On the physiological level, we expected vmHRV to be 

higher in the active condition during both the single stimulation period and the task period 

(H2a–d). During both cognitive flexibility tasks, HF increased from resting phase to task 

phase, but no difference between active and sham stimulation could be detected. Therefore, 

H2a–d were not supported. Moreover, it was hypothesized that higher CVA in the single 

stimulation phase (H3a–d) and in the task phase (H4a–d) would be associated with better task 

performance only in the active condition. Because none of the correlations remained 

significant after adjusting the p-values, none of these hypotheses could be confirmed. 
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In the present study, we could provide a conceptual replication (Walker et al., 2017) of 

the conflict effects previously observed in tasks that are thought to mainly demand selective 

attention like the Flanker task (Alderman & Olson, 2014) and response inhibition with the 

Spatial Stroop task (Marotta et al., 2018). In the same sense, findings toward dual-task 

interference evoked by a task used to measure task switching with NLT (Colzato, Jongkees, et 

al., 2018), as well as by a task thought to measure set shifting with DCCS (Zelazo et al., 2014) 

could be replicated with large effect sizes. However, an effect of tVNS could be found only on 

set shifting with DCCS. First, smaller switch costs during tVNS were observed compared to the 

sham condition. Second, RT in non-switch trials did not differ from RT in switch trials during 

active stimulation, but in the sham stimulation RT in switch trials were higher than in non-switch 

trials. Possibly tVNS diminished the dual-task interference, whereas sham stimulation did not, 

and this would explain this difference in switch costs between tVNS and sham stimulation. 

Importantly, some results referring to a lack of difference between active and sham stimulation 

were not substantially supported by Bayesian estimations, namely for RT in the Spatial Stroop 

task, HF and respiratory frequency in the Flanker task, and percentage error and switch costs in 

the NLT. Consequently, these findings should be interpreted carefully. 

The mixed nature of the results and the lack of correlation between cognitive 

performance and CVA provide evidence against a generability of the neurovisceral integration 

model (Thayer et al., 2009). These findings can be interpreted in various manners. First, the 

present study indicates that tVNS may exert a circumscribed influence on core executive 

functions. This suggests that the neurovisceral integration model may be less generally 

applicable than previously outlined (Smith et al., 2017; Thayer et al., 2009). This specificity is in 

line with previous findings involving executive functions and CVA (Jennings et al., 
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2015). Jennings and colleagues (2015) found that CVA was not directly related to resting state 

activity of intrinsic brain networks but rather to more localized connectivity. This implies that the 

integration between autonomic and cognitive control is more limited than the general integration 

originally suggested. Consequently, the neurovisceral integration model (Thayer et al., 2009) 

might not apply to the full range of executive functions, but rather to specific cognitive functions 

(Jennings et al., 2015). 

It is not clear, however, whether the specificity of the integration between autonomic and 

cognitive regulation shown in the present study is valid for executive functions in general—i.e., 

independently of the method used to manipulate them—or whether tVNS affects only specific 

cognitive regulation processes. One of the reasons for this possible specificity related to tVNS 

might lie in the level of neurotransmission: tVNS sends a signal to the locus coeruleus (Dietrich 

et al., 2008; Kraus et al., 2007), the primary source of norepinephrine in the brain (Foote et al., 

1983). Norepinephrine has been thought to be engaged by tVNS (Beste et al., 2016; Steenbergen 

et al., 2015; van Leusden et al., 2015). Locus coeruleus plays an important role in reorienting 

attention and cognitive flexibility, and those neurons have been shown to have a task-related 

activation (Sara, 2015). Noradrenergic α-1 and α-2 receptors act in distinct cognitive processes: 

whereas α-2 receptors engage at moderate rates of norepinephrine release, thus promoting 

working memory, α-1 receptors are activated at higher rates, promoting both focused and flexible 

attention (Berridge & Spencer, 2016). It is not clear whether NLT demands more flexible 

attention than DCCS, and whether the difference between the two could only be observed 

because tVNS evokes a stronger release of norepinephrine, engaging α-1 receptors that were 

necessary for the NLT but less so for the DCCS. Hence, it is recommended for future studies to 

address the possible specific efficacy of tVNS by considering an on-line measurement of 
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norepinephrine such as pupillary responses (Keute, Demirezen, et al., 2019; Warren et al., 2019). 

This approach might complement and further specify the hypotheses based on the neurovisceral 

integration model (Thayer et al., 2009). 

Second, despite all efforts in taking well acknowledged recommendations into account, 

task impurity (Miyake et al., 2000) may not have been ruled out. Consequently, the question 

remains whether other cognitive processes underlying the specific task used to measure task 

switching, and not task switching per se, are influenced by tVNS. For instance, inhibitory 

processes have been thought to take place during task switching. Accordingly, for the efficient 

activation of a new task in the context of task switching, the inhibition of the previous, no longer 

relevant task, is required. Therefore, backward inhibition is a process highly involved in 

cognitive flexibility (Mayr & Keele, 2000). It remains unclear if a comparable amount of 

backward inhibition is required for both tasks used to measure cognitive flexibility. Similarly, 

rather than Spatial Stroop task being considered a good index of response inhibition, possibly 

interference control, i.e., control at the level of perception, is measured by means of this task. To 

overcome these concerns, it is necessary to develop cognitive tasks that minimally vary from 

each other in the sense that the additional cognitive processes necessary for performing a 

cognitive task can be minimized or at least kept constant. This would enable a more accurate 

integrative assessment of the core executive functions in future research with tVNS investigating 

executive performance. 

Third, the lack of a difference between tVNS and sham stimulation regarding CVA, 

which is in line with previous findings (Borges et al., 2019; Burger et al., 2019; Burger et al., 

2016; De Couck et al., 2017), could have contributed to the heterogeneity of the findings. 

Despite ample evidence on the effects of tVNS on cognition (e.g., Sellaro, Gelder, Finisguerra, & 
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Colzato, 2017; Steenbergen et al., 2015), the evidence provided by the present study on CVA 

substantiates the arguments against the suitability of the earlobe as a sham stimulation, as 

discussed lately (Borges et al., 2019; Keute, Ruhnau, & Zaehle, 2018; Rangon, 2018). At present, 

there is only one detailed description of the nerve distribution of the human auricle and it shows 

that the earlobe is free from vagal innervation (Peuker & Filler, 2002). However, it lacks 

substantial evidence that electrical stimulation on the earlobe cannot stimulate brain center nuclei 

that trigger an increase in cardiac vagal outflow (Rangon, 2018). Regardless of the suitability of 

the earlobe, it has also been discussed whether vmHRV parameters are sensitive to afferent vagal 

changes triggered by tVNS; it is not yet clear whether the electrical signal produced by tVNS is 

strong enough to overcome body-related barriers such as skin and blood vessels, and therefore to 

trigger vagal afferent firing in a way that would robustly increase prefrontal activity (Borges et 

al., 2019). 

In the present study, the cognitive tasks themselves did not seem to have an impact on the 

vmHRV parameters, since neither RMSSD nor HF decreased during the tasks when compared to 

before the tasks. It is not clear whether this lack of a decrease–which would be expected based 

on the neurovisceral integration model (Smith et al., 2017; Thayer et al., 2009), given the conflict 

effects elicited by the tasks–was due to tVNS or not. Possibly, the tasks were not cognitively 

demanding enough to evoke a decrease in CVA. The lack of cognitive demand could also explain 

why we found no effect of tVNS on inhibitory control, whereas an array of previous studies 

provided evidence in this direction (see Table 2). Importantly, none of these previous studies 

used the same paradigms that were used in the present study. It is possible that the paradigms for 

measuring inhibitory control used here, at least concerning the amount of trials and instructions 

used in the present study, are not sensitive to effects that might otherwise be elicited by tVNS. 



Article I                70 

 

 

Moreover, none of the previous studies investigating the effects of tVNS on inhibitory control 

found overall enhanced performance, measured by means of RT and percentage error (see Table 

2). Instead, they addressed inhibitory control in specific contexts, such as backward inhibition 

when working memory is more strongly demanded (Beste et al., 2016), or response selection 

during action cascading (Steenbergen et al., 2015). Regarding cognitive demand, future studies 

should incorporate measures of the cognitive demand of the tasks, for instance by means of 

subjective questionnaires or imaging techniques such as functional near-infrared spectroscopy 

(fNIRS) and fMRI to measure prefrontal activity during task performance. 

As the only vmHRV parameter to show changes in the present study, HF increased during 

the NLT and DCCS when compared to the resting phase. Since both tasks are cognitively 

demanding due to the dual-task interference, based on the neurovisceral integration model 

(Thayer et al., 2009) HF should decrease compared to both resting and single stimulation phases. 

At the same time, this increase of HF was not associated with a better performance in the DCCS, 

as it would be predicted by the neurovisceral integration model. Although there was no 

difference between tVNS and sham stimulation regarding HF in the present study, the increase in 

HF during the DCCS might be linked to the positive effect of tVNS found on switch costs. So 

far, there has been no other study investigating the effect of tVNS on respiration, and whether 

respiration, when affected by tVNS, moderates executive performance. Future studies should 

address this question in order to further investigate the mechanisms of action behind tVNS. 

5.4.1. Limitations. 

There are limitations to our study that should be mentioned. First, RMSSD increased within the 

experimental sessions (see Subsection 5.5.1). It is not clear, however, whether this carry-over 

effect emerged from the stimulation itself, or simply from the fact that the participants were 
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sitting during the experiment. Thus, this increase during the experimental sessions may represent 

a relevant confounder that renders it difficult to interpret CVA measurements. Second, despite 

considering inhibitory control and cognitive flexibility differentially by taking different aspects 

into account, the present study did not consider other types of cognitive flexibility. Creatively 

thinking outside the box, seeing something from different perspectives (Diamond, 2013), or 

stochastic reversal learning (Colzato, Ritter, et al., 2018) could be aspects of cognitive flexibility 

prone to be influenced by tVNS. Third, respiratory frequency was obtained via a dedicated 

algorithm from Kubios (Tarvainen et al., 2013). However, a more precise assessment of 

respiratory frequency such as a respiration belt or a pneumotachograph is recommendable 

(Quintana et al., 2016). Fourth, the sample has a misbalance regarding gender, with male 

participants being vast majority. Given that sex differences can influence CVA (Koenig & 

Thayer, 2016), this misbalance may have been an issue for the analysis. Finally, as stated above, 

the tasks are not comparable to each other. For example, the Flanker task used here has, when 

compared to the Spatial Stroop task, a shorter stimulus presentation time and random intertrial 

interval. This may provoke different cognitive processes that deviate from the ones we aimed at 

measuring. A further difference is the length of the tasks, ranging from five (DCCS) to 13 

(Flanker task) min. The amount of trials also greatly varies between the tasks. Due to a lack of 

measurement of task difficulty, it was not possible to investigate whether the difficulty level 

differed strongly between the tasks, as stated above. Furthermore, the DCCS uses colorful 

pictures, whereas all other tasks are bicolored and involve time pressure. The impact of these 

differences on the cognitive tasks should be considered when using them in future studies with 

tVNS. 
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5.4.2. Conclusion. 

The present study is the first to investigate different core executive functions with their different 

subtypes in an integrative manner. Additionally, this is the first study to investigate the effect of 

tVNS on cognitive flexibility. On the one hand, it was shown that tVNS can lead to less switch 

costs in set shifting, possibly explained by diminished dual-task interference due to tVNS. On the 

other hand, the present study provided evidence that tVNS may have only very specific effects 

on cognitive processes. By addressing the different aspects of core cognitive functions in one 

standardized study design, the present study contributes to a better understanding of the effects of 

tVNS by further delineating what kind of cognitive and physiological mechanisms might be 

influenced by this neuroenhancement tool. Future studies investigating the effect of tVNS on 

executive functions should further investigate cognitive flexibility and consider task 

characteristics as well as address different types of executive functions. 

5.5. Supplementary material 

5.5.1. Estimation of carry-over effects on RMSSD and HF. 

Two separated rmANOVAs for RMSSD and for HF, respectively, were performed to check if the 

resting phases, namely the first, the second, the third, and the fourth resting phases, differed from 

each other regarding RMSSD and HF when arranged chronologically. We also took the testing 

days (Day 1 and Day 2) into account to check if there was a difference in RMSSD and HF from 

the first to the second day. The different RMSSD measurements during the resting phases 

differed significantly from each other, F(3, 96) = 38.660, p < .001, ηp² = .547 (Figure 9). Six post 

hoc tests (Bonferroni-corrected p = .008) revealed that there was a significant increase of 

RMSSD between Resting Phase 1 (M = 43.35, SD = 16.74) and Resting Phase 2 (M = 48.87, SD 

= 19.31), t(32) = 3.852, p < .001, d = 0.671. Resting Phase 3 (M = 55.63, SD = 21.00) was 
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significantly higher than Resting Phase 1, t(32) = 5.804, p < .001, d = 1.010, and Resting Phase 

2, t(32) = 3.173, p = .003, d = 0.552. Resting Phase 4 (M = 61.14, SD = 21.85) was significantly 

higher than Resting Phase 1, t(32) = 8.660, p < .001, d = 1.508. Resting Phase 4 was significantly 

higher than Resting Phase 2, t(30) = 6.799, p < .001, d = 1.184. Further, the different testing days 

did not differ significantly from each other regarding RMSSD, F(1, 32) = 0.016, p = .899. 

Regarding HF, there was neither an effect of sequence of resting phases, F(3, 96) = 

50.260, p = .093, nor of testing day, F(1, 32) = 0.126, p = .725. 

5.5.2. Estimation of learning effects on cognitive measurements.  

We ran 2 (Day 1 and Day 2) x 2 (congruency or trial type, depending on the task) rmANOVAs as 

well as paired samples t-tests (only for switch costs) for all measurements considered for the four 

cognitive tasks used in the present study. These tests were performed to check if there was an 

improvement in task performance, i.e., faster reaction times (RT), lower percentage error, and 

lower switch costs, from Testing Day 1 to Testing Day 2. We calculated paired samples t-tests for 

collapsed means in case an effect could be found. Because post-hoc tests for the main effects 

consist of only one t-test, given the 2x2 design, Bonferroni corrections were performed only for 

potential interaction effects.  
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Figure 9. Mean scores of root mean square of successive differences (RMSSD). Scores during 

the resting phases from each block put in chronological order. Error bars represent confidence 

intervals (95%). *p < .05, **p < .01, ***p < .001. 

 

In the Flanker task, there was an effect of congruency on RT, F(1, 31) = 242.683, p 

< .001, ηp² = .890. The post-hoc test revealed that RT in incongruent trials (M = 557.71 ms, SD = 

63.104) was significantly higher than RT in congruent trials (M = 511.60 ms, SD = 56.28), t(31) 

= 13.062, p < .001, d = 2.346. There was no effect of day, F(1, 31) = 0.006, p = .937, and no 

interaction effect of day with congruency, F(1, 31) = 2.145, p = .153. Regarding percentage error 

in the Flanker task, there was an effect of congruency, F(1, 31) = 127.821, p < .001, ηp² = .810, 

with the post-hoc test revealing that percentage error in incongruent trials (M = 8.50% SD = 

8.04) was significantly higher than in congruent trials (M = 0.70%, SD = 0.93), t(31) = 5.841, p 

< .001, d = 1.049. There was no effect of day, F(1, 31) = 0.704, p = .408, and no interaction 

effect, F(1, 31) = 0.094, p = .761. 
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In the Spatial Stroop task, there was an effect of congruency on RT, F(1, 31) = 55.599, p 

< .001, ηp² = .650. The post-hoc test revealed that RT in incongruent trials (M = 531.212 ms, SD 

= 52.499) was significantly higher than in congruent trials (M = 515.83 ms, SD = 50.70), t(31) = 

5.580, p < .001, d = 1.002. There was no effect of day, F(1, 31) = 0.027, p = .872, and no 

interaction effect, F(1, 31) = 0.426, p = .519. Regarding percentage error, there was an effect of 

congruency, F(1, 31) = 34.242, p < .001, ηp² = .533. The post-hoc test revealed that percentage 

error in incongruent trials (M = 4.10%, SD = 3.62) was significantly higher than in congruent 

trials (M = 1.31%, SD = 1.41), t(31) = 4.972, p < .001, d = 0.892. There was no effect of day, 

F(1, 31) = 0.293, p = .592, and no interaction effect, F(1, 31) = 0.405, p = .529. 

In the NLT, there was an effect of trial type on RT, F(1, 31) = 220.646, p < .001, ηp² 

= .877, with RT in the non-switch trials (M = 961.61 ms, SD = 126.67) being significantly faster 

than the RT in the switch trials (M = 1,202.21 ms, SD = 127.88), t(31) = 14.803, p < .001, d = 

2.617. There was no effect of day, F(1, 31) = 0.265, p = .610, and no interaction effect, F(1, 31) 

= 1.856, p = .183. Regarding percentage error in the NLT, there was an effect of trial type, F(1, 

31) = 71.954, p < .001, ηp² = .699, with the post-hoc test revealing that percentage error in switch 

trials (M = 25.53%, SD = 13.51) was significantly higher than in non-switch trials (M = 18.14%, 

SD = 12.75), t(31) = 9.571, p < .001, d = 1.692. There was no effect of day, F(1, 31) = 1.082, p 

= .306, and no interaction effect, F(1, 31) = 0.558, p = .461. Regarding switch costs, there was 

no significant difference between Day 1 and Day 2, t(31) = 1.141, p = .263. 

In the DCCS, there was no effect of trial type on RT, F(1, 31) = 1.068, p = .310, no effect 

of day, F(1, 31) = 0.004, p = .951, and no interaction effect, F(1, 31) = 1.105, p = .301. 

Regarding percentage error, there was an effect of trial type, F(1, 31) = 11.943, p < .001, ηp² 

= .285, with the post-hoc test revealing that percentage error in switch trials (M = 2.78%, SD = 
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1.83) was significantly higher than in non-switch trials (M = 2.19%, SD = 1.83), t(31) = 3.862, p 

< .001, d = 0.694. There was no effect of day, F(1, 31) = 2.162, p = .152, and no interaction 

effect, F(1, 31) = 0.683, p = .415. In the DCCS, switch costs on Day 1 (M = 20.66 ms, SD = 

39.74) were significantly higher than on Day 2 (M = -7.14 ms, SD = 51.04), t(31) = 2.151,  

p = .040, d = 0.386. 

To sum up, in line with the main results of the present study, conflict effects could be 

observed in the Flanker task, the Spatial Stroop task, in the DCCS, and in the NLT. Importantly, 

in all tasks neither RT nor the percentage error changed significantly from Day 1 to Day 2 of 

testing. Similar with the main analysis, switch costs in the NLT did not change significantly, 

whereas switch costs in the DCCS increased from Day 1 to Day 2, thus pointing to a learning 

effect specifically in this parameter. 

5.5.3. Estimation of novelty effects on cognitive measurements. 

To check whether tVNS affects task performance more strongly when its trials are novel, we split 

the trials of the tasks into first and second half, whereby first half would correspond to novel 

trials, and collapsed the congruent/non-switch with the incongruent/switch trials. We then ran 

2x2 rmANOVAs with stimulation (active and sham stimulation) and novelty (first and second 

half of the task) as factors, and RT and percentage error of all tasks as dependent variables. We 

calculated paired samples t-tests for collapsed means in case an effect could be found. Because 

post-hoc tests for the main effects consist of only one t-test, given the 2x2 design, Bonferroni 

corrections were performed only for potential interaction effects. 

In the Flanker task, there was an effect of novelty regarding RT, F(1, 31) = 8.826,  

p = .006, ηp² = .222. The post-hoc test revealed that RT in the first half of the task (M = 508.46 

ms, SD = 55.83) was significantly lower than RT in the second half of the task (M = 521.09 ms, 



Article I                77 

 

 

SD = 62.75), t(31) = 2.971, p = .006, d = 0.525. There was no effect of stimulation, F(1, 31) = 

0.724, p = .401, and no interaction effect of novelty with stimulation, F(1, 31) = 3.217, p = .083. 

Regarding percentage error in the Flanker task, there was an effect of novelty, F(1, 31) = 

239.719, p < .001, ηp² = .885, with the post-hoc test revealing that percentage error in the first 

half of the task (M = 4.46% SD = 4.44) was significantly lower than in the second half of the task 

(M = 9.58%, SD = 6.59), t(31) = 15.483, p < .001, d = 2.737. There was no effect of stimulation, 

F(1, 31) = 0.782, p = .383, and no interaction effect, F(1, 31) = 2.152, p = .152. 

In the Spatial Stroop task, there was no effect of novelty on RT, F(1, 31) = 2.779,  

p = .106. There was no effect of stimulation, F(1, 31) = 0.653, p = .425, and no interaction effect, 

F(1, 31) = 0.009, p = .924. Similarly, regarding percentage error there was no effect of 

congruency, F(1, 31) = 0.510, p = .481, of stimulation, F(1, 31) = 0.084, p = .773, and no 

interaction effect, F(1, 31) = 2.125, p = .155. 

In the NLT, there was no effect of novelty on RT, F(1, 31) = 1.588, p = .217. There was 

no effect of stimulation, F(1, 31) = 0.453, p = .506, and no interaction effect, F(1, 31) = 2.092,  

p = .158. Regarding percentage error in the NLT, there was an effect of novelty, F(1, 31) = 

116.663, p < .001, ηp² = .790, with the post-hoc test revealing that percentage error in the first 

half of the task (M = 22.88%, SD = 3.19) was significantly higher than in the second half of the 

task (M = 20.33%, SD = 2.79), t(31) = 10.801, p < .001, d = 1.909. There was no effect of 

stimulation, F(1, 31) = 1.948, p = .173, and no interaction effect, F(1, 31) = 0.004, p = .948. 

In the DCCS, there was an effect of novelty on RT, F(1, 31) = 8.413, p = .007,  

ηp² = 0.213, with the post-hoc test revealing that RT in the first half of the task (M = 583.51 ms, 

SD = 88.42) was significantly lower than in the second half (M = 613.01, SD = 114.70), t(31) = 

2.900, p = .007, d = 0.513. No effect of stimulation on RT, F(1, 31) = 0.033, p = .856, and no 
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interaction effect, F(1, 31) = 0.904, p = .349, could be found. Regarding percentage error, there 

was no effect of novelty, F(1, 31) = 1.222, p = .278, of stimulation, F(1, 31) = 0.116, p = .736, 

and no interaction effect, F(1, 31) = 2.964, p = .095. 

To sum up, cognitive performance changed from the first to second task half in the most 

of the cognitive tasks, but tVNS did not affect novel trials more strongly than the less novel ones. 

Furthermore, the change in task performance was different between the tasks. In the inhibition 

tasks, there was a decreased RT and percentage error in the Flanker task, but no changes in the 

Spatial Stroop task. In the cognitive flexibility tasks, less errors could be detected across the 

NLT, and higher RT in the second half of the DCCS was found. Thus, a novelty effect could not 

be found in the present study. 

5.3. Relationship between Article I and Articles II and III2. 

Article I investigated the effects of tVNS on both CVA and different aspects of the executive 

functions inhibitory control and cognitive flexibility in an integrative way. Despite finding the 

same conflict effects found in previous studies that did not use tVNS, the results of Article I 

differ from those reported by previous studies that used tVNS to modulate inhibitory 

mechanisms. Whereas some of these studies found a higher inhibitory control when compared to 

sham stimulation (e.g., Beste et al., 2016; Fischer et al., 2018), we did not find any differences 

between active and sham stimulation in task performance. In the same sense, the results 

regarding CVA also differed from some studies that used tVNS to increase CVA. While some 

studies have shown that tVNS can increase CVA, by measuring RMSSD or HV, or even both 

(Bretherton et al., 2019; De Couck et al., 2017; Lehtimäki et al., 2017), this increase could not be 

                                                 

 

2 This section has been written for the present thesis, hence it is not part of Article I or II. 
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found in other studies (Antonino et al., 2017; Burger et al., 2019, 2017, 2016). In Article I, we 

found no differences between active and sham stimulation regarding RMSSD and HF.  

Importantly, the previous studies that investigated the effects of tVNS on CVA and on 

inhibitory control differed from one another regarding several aspects. First, the studies on 

inhibition used different tasks with different characteristics. Thus, the cognitive demand, and 

consequently the adaptation process required for these tasks, might have greatly varied between 

the tasks. Thus, it is unclear to which extent the self-regulation required at the cognitive level 

influences the results of tVNS regarding CVA. To disentangle the effects of tVNS on CVA from 

the cognitive demand, it is necessary to investigate the effects of tVNS on CVA alone, thus ruling 

out any interference of cognitive tasks on CVA. Second, the studies on inhibitory control 

administered tVNS using different stimulation parameters, for instance different stimulation 

intensities. Whereas some studies administered a preset stimulation intensity (Beste et al., 2016; 

Steenbergen et al., 2015), other studies let the participants determine this intensity (Fischer et al., 

2018; Ventura-Bort et al., 2018). This is also the case for studies that tested the effects of tVNS 

on CVA, with some studies using a preset stimulation (Burger et al., 2019, 2017), and others 

instructing the participants to choose the intensity (De Couck et al., 2017). 

 Given the divergence between the results in our study and the previous studies that 

investigated executive control and CVA using tVNS, as well as the heterogeneity regarding 

stimulation parameters, I recognized the importance of investigating stimulation parameters. 

Therefore, I used the stimulation protocol applied in Article I to test stimulation parameters in 

Articles II and III. I chose two stimulation parameters that show high heterogeneity regarding 

tVNS usage: stimulation intensity (also known as current intensity or amplitude) and auricular 

area for stimulation. Stimulation intensity is addressed in Article II and auricular area for tVNS is 
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investigated in Article III. In the following chapter, I present Article II, for which we conducted 

three experiments to investigate both the effects of different tVNS intensities themselves and the 

effects of the methods used to determine stimulation intensity (pre-set or self-determined) on 

CVA. The following article investigates this relationship without interference of any cognitive 

tasks during stimulation, hence addressing the question whether an afferent stimulation via tVNS 

can influence CVA, an efferent output of vagal activity.  
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Abstract 

The present study investigated the effects of transcutaneous vagus nerve stimulation on CVA, the 

activity of the vagus nerve regulating cardiac functioning. We applied stimulation on the left cymba 

conchae and tested the effects of different stimulation intensities on a vmHRV parameter (i.e., the 

RMSSD) as well as on subjective ratings of strength of perceived stimulation intensity and 

unpleasantness due to the stimulation. Three experiments (within-subject designs, M = 61 healthy 

participants each) were carried out: In Experiment 1, to choose one fixed stimulation intensity for 

the subsequent studies, we compared three preset stimulation intensities (i.e., 0.5, 1.0 and 1.5 mA) 

with each other. In Experiment 2, we compared the set stimulation method with the free stimulation 

method, in which the participants were instructed to freely choose an intensity. In Experiment 3, 

to control for placebo effects, we compared both methods (i.e., set stimulation vs. free stimulation) 

with their respective sham stimulations. In the three experiments, an increase of CVA was found 

from resting to the stimulation phases. However, this increase in CVA was not dependent on 

stimulation intensity (Experiment 1), the method used to stimulate (i.e., set vs. free; Experiment 

2), or whether stimulation was active or sham (Experiment 3). This pattern of results was solidly 

supported by Bayesian estimations. On the subjective level, higher stimulation intensities were 

perceived as significantly stronger and a stronger stimulation was generally also perceived as more 

unpleasant. The results suggest that CVA may be similarly influenced by afferent vagal stimuli 

triggered by active and sham stimulation with different stimulation intensities. Potential 

explanations for these findings and its implications for future research with tVNS are discussed. 

Keywords: tVNS, neuromodulation, stimulation parameters, amplitude, stimulation intensity, 

HRV, cardiac vagal activity, cardiac vagal tone, parasympathetic nervous system, 

psychophysiology, Bayesian statistics, RMSSD, neurovisceral integration model 
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6.1. Introduction 

tVNS is a noninvasive technology used to electrically modulate vagal activity and consequently 

brain activity via afferent vagal pathways (Colzato & Vonck, 2017). Because of its safety and the 

absence of major side effects (Colzato & Vonck, 2017; Redgrave et al., 2018), tVNS has been 

applied in both research and therapy as a medical treatment tool. In recent years, this research 

field has seen a noteworthy growth through studies investigating how tVNS positively affects 

cognitive (Beste et al., 2016), affective (Burger et al., 2017), and neurophysiological (Antonino 

et al., 2017) processes. However, because of the novelty of this technology and the absence of 

standards regarding stimulation protocol, the tVNS-related stimulation parameters have not been 

used consistently in research (Badran, Mithoefer, et al., 2018), which impedes the comparability 

of such studies. Thus, understanding both the action mechanism of this neuromodulation tool and 

the processes yielded by the stimulation seems to be crucial. The present work addressed this 

issue with a focus on stimulation intensity, also known as amplitude, as a changeable stimulation 

parameter across three experiments and investigated the influence of tVNS on a 

psychophysiological marker, HRV. 

Essentially, tVNS acts on the afferent ABVN through electrodes placed on the skin of the 

left ear. Its placement allows for a sham stimulation, which has the same characteristics as 

normal tVNS, but instead of the electrodes being attached to the cymba conchae, they are 

attached to the earlobe. The earlobe is thought to be free of vagal innervation (Peuker & Filler, 

2002). The tVNS’ mechanism of action can be explained by considering the neuroanatomical 

pathways of the vagus nerve. The electrical signal, starting in the ABVN, reaches the nucleus 

tractus solitarius, which is a crucial structure that projects to a variety of brain areas, for instance 

the locus coeruleus (Colzato & Vonck, 2017). Locus coeruleus is the primary source of 
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norepinephrine in the brain (Foote et al., 1983). The noradrenergic supply includes cortical 

regions such as the anterior cingulate cortex and the prefrontal cortex (Aihara et al., 2007). An 

increase in prefrontal activity leads to an increase in parasympathetic nervous system activity 

and to a decrease in sympathetic activity, since the prefrontal cortex is thought to exert a tonic 

inhibitory control on the sympathetic nervous system (Thayer et al., 2009). According to the 

neurovisceral integration model (Thayer et al., 2009), the prefrontal cortex controls CVA, the 

activity of the vagus nerve regulating cardiac functioning (Malik et al., 1996), via top-down 

mechanisms, and is thought to be also positively linked to cognitive processes such as executive 

functioning (Thayer et al., 2009). Consequently, higher CVA is linked to the optimal activation of 

neural networks underlying the effectiveness of prefrontal activity (Thayer et al., 2009). Given 

this regulatory role of the prefrontal cortex on CVA and that the tVNS signal is sent afferently to 

the prefrontal cortex via the ABVN, CVA may be affected by tVNS (Murray et al., 2016). It has 

been discussed that tVNS targets three neurotransmitters, namely, norepinephrine, GABA, and 

acetylcholine, which are thought to be directly involved in cognitive functioning (van Leusden et 

al., 2015). As mentioned above, an increase in CVA can indicate that tVNS, when applied on the 

left ABVN, is afferently sending a signal to the prefrontal cortex, therefore positively affecting 

cognitive functioning. Thus, measuring CVA during tVNS may lead to a better understanding of 

the physiological pathways behind specific cognitive processes. 

An array of studies using tVNS performs electrode placement on the left side of the ear in 

order to control for cardiac side effects (Beste et al., 2016; L. S. Colzato, Ritter, et al., 2018; 

Fischer et al., 2018; Kreuzer et al., 2012; Sellaro et al., 2014; Ventura-Bort et al., 2018; Yakunina 

& Kim, 2017). This is based on previous research stating that efferent vagal fibers to the heart 

are located on the right side, whereas the left vagus nerve mainly consists of afferent vagal fibers 
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(Nemeroff et al., 2006). Since the present study aims at addressing the effect of tVNS on CVA 

through the pathway explained previously and not by pathways to which the prefrontal cortex 

seems to be less related, we performed the stimulation on the left ear.  

In contrast to sham stimulation, tVNS produces a significant activation of central vagal 

projections, as shown by fMRI studies (Badran, Dowdle, et al., 2018; Dietrich et al., 2008; 

Frangos et al., 2015; Kraus et al., 2013; Yakunina & Kim, 2017). These studies showed increased 

activity in the nucleus tractus solitarius (Frangos et al., 2015; Yakunina & Kim, 2017), in the 

locus coeruleus, (Dietrich et al., 2008; Kraus et al., 2013), as well as in the left prefrontal cortex 

and cingulate areas (Badran, Dowdle, et al., 2018) during tVNS. However, these studies used 

very different stimulation parameters, for example, differing in electrode placement areas on the 

ear, pulse width, frequency, and on–off cycle. Possibly because of the use of different stimulation 

parameters, these studies had heterogeneous results, with different brain areas being found to be 

related to tVNS (Badran, Dowdle, et al., 2018). Using HRV-related parameters to measure 

autonomic balance, Clancy and colleagues (Clancy et al., 2014) showed that tVNS can increase 

parasympathetic activity and simultaneously suppress sympathetic activity. However, this 

positive effect of tVNS on vagally related HRV could not be clearly shown in other studies 

(Burger et al., 2019, 2017, 2016; De Couck et al., 2017). These contradictory results might be, 

again, due to the use of different stimulation parameters in these studies, for instance, the use of 

different devices and consequently different positioning of the electrodes on the ear, resulting in 

a lack of comparability across results. Varying stimulation intensities might have also played a 

role in these divergent findings. 

Given the substantial heterogeneity in tVNS literature regarding choice of stimulation 

parameters, the lack of knowledge about optimal stimulation parameters can be seen as a general 
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limitation in this field (Badran, Dowdle, et al., 2018; Burger et al., 2017; Clancy et al., 2014). 

Likewise, the consideration of certain HRV parameters to measure the effects of tVNS on cardiac 

activity may render their interpretation difficult. For instance, Clancy (Clancy et al., 2014) 

showed that tVNS can evoke a decrease in the ratio between low and high frequencies of HRV 

(LF/HF), with this result being interpreted as a shift in cardiac autonomic function toward 

parasympathetic dominance. However, it is noteworthy that the role of this HRV parameter in 

depicting sympathovagal balance has recently been discarded, so no real physiological 

conclusion can be drawn from this finding (Heathers, 2012). Recently, Badran and colleagues 

(Badran, Mithoefer, et al., 2018) systematically tested the effect of variations in pulse width and 

frequency on heart rate and found that a pulse width of 500 μs, if combined with a frequency of 

10 Hz, provoked the strongest decrease in heart rate compared to other parameter combinations. 

Nonetheless, heart rate represents the result of mixed inputs from the sympathetic and 

parasympathetic (vagus) nerves (Berntson et al., 1993; Peltola, 2012). Thus, this finding cannot 

be linked specifically to CVA. Consequently, investigating the effect of tVNS parameters on 

valid indicators of CVA remains a research gap to be filled (Laborde et al., 2017). 

Stimulation intensity, also known as amplitude, varies highly by experimental protocol in 

tVNS studies. This parameter is also the only one that can be changed in the presently most 

commonly used tVNS device in cognitive research, NEMOS by tVNS Technologies GmbH 

(Erlangen, Germany). To date, there is no standard protocol for tVNS to systematically set this 

parameter. Two main methods have been identified in the literature to set stimulation intensity: 

what we call the set stimulation method and the free stimulation method. In the set stimulation 

method, the stimulation intensity is determined by the experimenters beforehand and therefore 

does not vary individually across the experiment. The predetermined intensity has often been set 
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at 0.5 mA (Beste et al., 2016; Colzato, Ritter, et al., 2018; Steenbergen et al., 2015), and the 

choice of this intensity is justified as being recommended by another study (Dietrich et al., 

2008). However, no mention of 0.5 mA could be found in this original work. In the free 

stimulation method, participants are instructed to freely choose the highest subjectively 

comfortable stimulation intensity below the discomfort threshold (Busch et al., 2013; De Couck 

et al., 2017; Fischer et al., 2018; Ventura-Bort et al., 2018).  

The effects of tVNS are thought to exhibit an inverted U-shaped relationship concerning 

stimulation intensity, so that, similar to the Yerkes–Dodson principle (Yerkes & Dodson, 1908), 

an intermediate stimulation intensity provokes the strongest effect (Colzato & Vonck, 2017; van 

Leusden et al., 2015). One explanation for this pattern is that a low stimulation intensity may not 

be enough to activate the afferent vagal pathway, whereas a high stimulation intensity can cause 

discomfort. Discomfort is thought to negatively impact HRV parameters (Liu et al., 2008). 

Another possible explanation is that participants experience control over the stimulation intensity 

in the free compared to the set stimulation method. Feelings of increased control can affect 

anxiety and pain, as well as the willingness to tolerate discomfort. Although there is evidence of 

this inverted U-shaped relationship for iVNS regarding memory retention (Clark et al., 1999) and 

cortical plasticity (Loerwald et al., 2018), there is still a lack of evidence for tVNS regarding 

cardiac regulation, making this idea merely speculative for CVA. Insights on this potentially 

existing inverted U-shaped relationship for tVNS with its expected outcomes could be important 

for optimizing its effects and eventually for improving safety. Therefore, the existence of the 

inverted U-shaped relationship should be further investigated (Colzato & Vonck, 2017; van 

Leusden et al., 2015). 
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In summary, discrepancies appear in the literature regarding tVNS stimulation intensity. 

The present study goes beyond existing research on tVNS by focusing on this issue and 

systematically testing different stimulation intensity settings for tVNS and their effects on CVA, 

as measured using HRV parameters, addressing both set and free stimulation methods for 

determining stimulation intensity. The objectives of the present work were threefold: first, to 

investigate the effects of tVNS on CVA dependent on stimulation intensity. Second, to find the 

optimal way to choose a stimulation intensity that provokes the strongest increase in CVA. Third, 

to examine the differences in how stimulation methods are subjectively rated in terms of 

perceived strength and (un)pleasantness. To answer these questions, we designed three 

experiments that addressed different stimulation intensities as well as different methods to 

determine stimulation intensity. Across all three experiments, (H1) we expected CVA to increase 

during tVNS compared to baseline measurements. Specifically, for Experiment 1 we 

hypothesized (H2) that when using the set stimulation method, the intermediate stimulation 

intensity would increase CVA more than both the weaker and the stronger stimulation intensity, 

in accordance with the Yerkes–Dodson principle (Yerkes & Dodson, 1908). For Experiments 2 

and 3, we expected (H3) the free stimulation method to evoke a higher increase in CVA 

compared to the set stimulation method, given that an unpleasant stimulation intensity can be 

better avoided by means of a subjectively more suitable self-chosen intensity. Finally, for 

Experiment 3, we expected (H4) tVNS to provoke higher CVA compared to sham stimulation. 

6.2. General Method 

We conducted three single-blind experiments with a within-subject design, as recommended by 

Quintana and Heathers (2014), to address the high interindividual variation and the complex 

interactions influencing HRV. Aiming at choosing one fixed stimulation intensity to be used in 
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Experiments 2 and 3, in Experiment 1 we focused on three different fixed stimulation intensities, 

allowing us to explore the set stimulation method and its effects on CVA. In Experiment 2, 

focusing on the two most common methods to determine stimulation intensity in tVNS research, 

we compared the set stimulation method with the free stimulation method regarding their effect 

on CVA. To shorten the experiments’ length and to avoid an eventual positive effect of 

habituation on CVA, both Experiments 1 and 2 were done without a sham condition. In 

Experiment 3, to control for confounding effects such as a placebo effect, we compared both 

methods with their respective sham stimulations regarding CVA. 

6.2.1. Participants. 

An a priori G*Power calculation (Faul et al., 2007) was carried out to estimate the sample size 

required for the three experiments. On the basis of previously published (Clancy et al., 2014) 

recalculated effect sizes of the LF/HF ratio, we expected small to medium effect sizes for the 

effects of tVNS on HRV. The calculation for a rmANOVA with within-subject factors, f = .17, 

α = .05, power = .80, estimated that 60 participants were required for each experiment. 

Anticipating possible exclusions after data cleaning, we recruited on average 65 participants for 

each study.  

The sample consisted of healthy sport science students at the local university. Participants 

were eligible if they were free of cardiovascular or neurological diseases or major mental 

conditions and were not pregnant at the time of the experiment. They were asked not to smoke, 

exercise, or consume food, alcohol, or caffeine for at least 2 h before participation. These 

potentially confounding variables as well as tVNS safety-related questions were assessed by 

means of an adapted version of the questionnaire for HRV psychophysiological experiments 

developed by Laborde et al. (Laborde et al., 2017). None of the participants had experienced 
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tVNS prior to this study. A new sample was tested in each experiment and participants gave 

written informed consent prior to the experiment. All experiments were approved by the ethical 

committee of the German Sport University Cologne (ethics approval numbers 158/2016, 

078/2017 and 019/2018, respectively).  

6.2.2. Materials and Methods. 

6.2.2.1. Transcutaneous vagus nerve stimulation. We employed the NEMOS tVNS 

device developed by tVNS Technologies GmbH (Erlangen, Germany), which was delivered with 

a pulse width of 200–300 μs at 25 Hz and an on–off cycle of 30 s. Two titan electrodes located in 

a structure similar to an earphone are placed on the cymba conchae of the left ear, an area 

thought to be exclusively innervated by the ABVN (Frangos et al., 2015).  

6.2.2.2. Cardiac vagal activity. To assess CVA, we used the Faros 180° device from 

Mega Electronics (Kuopio, Finland) with a set sampling rate of 500 Hz. This device enables 

users to measure the electrocardiogram (ECG) signal as recommended by guidelines on HRV 

measurement (Laborde et al., 2017). We placed two disposable ECG pre-gelled electrodes 

(Ambu L-00-S/25, Ambu GmbH, Bad Nauheim, Germany) on the body, the positive electrode on 

the right infraclavicular fossa and the negative one on the left anterior axillary line below the 

12th rib.  

The RMSSD was chosen as indicator of CVA in the main analyses, with an increase of 

RMSSD meaning an increased CVA (Malik et al., 1996). From ECG recordings we extracted 

HRV with Kubios software (University of Eastern Finland, Kuopio, Finland), visually inspected 

the full ECG recording, and manually removed artifacts (Laborde et al., 2017). Following 

recommendations for HRV measurement (Malik et al., 1996), we analyzed measurements in 

blocks of 5 min. 
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6.2.2.3. Subjective stimulation perception. At the end of each stimulation on–off 

cycle, that is, during 30-s breaks following 30-s stimulation units, the participants were 

instructed to answer questions on a Likert scale of 0 to 9 that were explicitly related to the past 

30-s stimulation. The questions aimed at measuring perceived stimulation intensity and 

stimulation unpleasantness, respectively, and are “how intense is the tingle in your ear?” (0 = I 

do not feel anything, 9 = extremely strong) and “how pleasant or unpleasant is the sensation 

now?” (0 = very pleasant, 9 = very unpleasant).  

6.2.3. Procedure. 

For each experiment, all participants underwent all stimulation conditions within one session in a 

counterbalanced order, to cancel out order effects. The participants were randomly assigned to 

the different possible order sequences. At the beginning of each experiment, a tVNS 

familiarization took place. In this phase, the participants received tVNS with 0.1 mA at the 

beginning and were instructed to increase the stimulation intensity within 5 min until reaching 

1.0 mA. Following the familiarization period, HRV measurement was performed for all 

conditions. Each condition was measured within a block that consisted of two sub-blocks: The 

first one was performed to take resting CVA into account (5-min measuring interval), and the 

second one to measure CVA during the stimulation phase (10-min period, see Figure 10). 

6.2.4. Data analysis. 

Outliers (less than 1% of the data) were Winsorized, meaning that values higher/lower than two 

standard deviations from the mean were transformed into a value of two standard deviations 

from the mean. Since the HRV data were afterwards still not normally distributed, they were log-

transformed to obtain a normal distribution, as is usually done in HRV research (Laborde et al., 

2017). An rmANOVA was conducted on RMSSD as a dependent variable and included the 
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independent variables time (resting, the first 5 min of the stimulation period (stimulation first 

half), and the last 5 min of the stimulation period (stimulation second half) and condition 

(stimulation intensities and stimulation methods or stimulation conditions, dependent on the 

experiment) as within-subject factors. Greenhouse–Geisser correction was used when sphericity 

was violated. In the case of a significant main or interaction effect, post hoc t-tests with 

aggregated means were conducted using Bonferroni correction.  

 

Figure 10. Study protocol for all experiments. 

 

To quantify evidence for the hypotheses found, we ran Bayesian statistics using Bayesian 

information criteria (Wagenmakers, 2007) for the main analysis of RMSSD. Terms used to 

discuss the reported Bayes factors are based on Wetzels and colleagues’ recommendations 

(Wetzels et al., 2011). They have the following meanings: anecdotal or worth no more than a 

bare mention (0.333 < B10 < 3), substantial (0.100 < B10 ≤ 0.333 or 3 ≤ B10 < 10), strong (0.033 < 
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B10 ≤ 0.100 or 10 < B10 < 30), very strong (0.010 < B10 ≤ 0.033 or 30 ≤ B10 < 100), and decisive 

(B10 ≤ 0.010 or B10 ≥ 100) evidence. Additionally, a Friedman test was performed for perceived 

intensity (mean) and for stimulation unpleasantness (mean) with condition (stimulation 

intensities or stimulation methods, dependent on the experiment) as a non-normally distributed 

within-subject factor, with Wilcoxon tests for post hoc analyses. RMSSD was correlated using 

Spearman correlations with average perceived intensity and average stimulation unpleasantness, 

as well as average stimulation intensity during the free stimulation and the free sham conditions. 

Carry-over effects on RMSSD potentially arose in the stimulation condition due to the previous 

stimulation condition. To control for this, we tested the effect of position (i.e., first, second and 

third resting blocks in Experiment 1, first and second resting blocks in Experiment 2 and first, 

second, third and fourth resting blocks in Experiment 3) in one-way rmANOVAs or a paired t-

test (for Experiment 2). Further, for reasons of comparison with previous studies addressing 

effects of tVNS on HRV parameters (e.g., Antonino et al., 2017; Clancy et al., 2014), we also 

carried out three repeated measures multivariate analyses of variance (rmMANOVAs) with 

RMSSD, LF/HF and HR as dependent variables. However, LF/HF and HR do not reflect clear 

physiological mechanisms regarding the functioning of the autonomic nervous system (Berntson 

et al., 1993; Heathers, 2012; Peltola, 2012). More details and the analyses can be found in 

Section 6.9. We used IBM SPSS Statistics 25 for data preparation and nonparametric analyses 

and JASP 0.9.1.0 to analyze the data for rmANOVAs, correlations, t-tests and Bayesian statistics. 

Significance level was α = .05.  

6.3. Experiment 1 

In Experiment 1, we investigated set stimulation intensity by comparing three previously set 

stimulation intensities (0.5, 1.0, and 1.5 mA) with the aim of choosing one fixed stimulation 



Article II                94 

 

 

intensity to be used in Experiments 2 and 3. These stimulation intensities were chosen following 

a previous study (Clark et al., 1999) on the effect of iVNS on recognition memory in humans 

using 0.5, 0.75, and 1.5 mA as stimulation intensities. To investigate the hypothesis related to the 

inverted U-shaped relationship with equal intervals, facilitating the results interpretation, we 

changed the intermediate stimulation intensity to 1.0 mA.  

Besides expecting CVA to increase during tVNS compared to baseline measurements 

(H1), specifically for Experiment 1 we hypothesized (H2) that 1.0 mA would provoke the highest 

CVA when compared to 0.5 and 1.5 mA. In addition, we hypothesized (H2.1) that 1.5 mA would 

be perceived as the most uncomfortable stimulation intensity among the three intensities we 

deployed. Therefore, both (H2.2) the perception of stimulation intensity and (H2.3) the reported 

sensation of unpleasantness during 1.5-mA stimulation would be associated with a decrease in 

RMSSD during this condition. After excluding participants because of the excluding criteria and 

for technical issues during measurement, 61 participants were included in the data analysis (16 

females, Mage = 23.32 years). We ran a rmANOVA for RMSSD with time (resting, stimulation 

first half, and stimulation second half) and stimulation intensity (0.5, 1.0 and 1.5 mA) as factors. 

For subjective ratings, a Friedman test was run for perceived intensity (median) and for 

stimulation unpleasantness (median) with condition (0.5, 1.0 and 1.5 mA) as a non-normally 

distributed within-subject factor, with Wilcoxon tests for post hoc analyses.  
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6.3.1. Results. 

6.3.1.1. Cardiac vagal activity. Descriptive statistics for RMSSD and for the subjective 

variables are presented in Table 9 and results of the hypothesis testing can be found in Table 10. 

A rmANOVA showed a main effect of measurement time for RMSSD, F(1.565, 93.900) = 8.590, 

p = .001, ηp² = .125 (Figure 11). Three post hoc analyses were done, resulting in a p value of .017 

after Bonferroni correction. They pointed out a significant increase from resting RMSSD 

(M = 54.81, SD = 26.86) to RMSSD during the first half of the stimulation period (M = 59.71, 

SD = 27.59), t(60) = 3.277, p = .002, d = 0.420, and no significant difference between RMSSD 

during the first and during the second half of the stimulation (M = 58.01, SD = 26.69), t(60) = 

1.706, p = .093, or between resting RMSSD and RMSSD during the second half of the 

stimulation period, t(60) = 2.134, p = .037. No significant main effect of stimulation condition, 

F(2, 120) = 1.373, p = .257, or interaction effect of time × condition, F(3.507, 210.392) = 1.840, 

p = .131, for RMSSD was found. Because of the lack of a main effect of condition and the lack 

of an interaction between time and condition for RMSSD, we ran a Bayesian rmANOVA. 

According to the estimated Bayes factors (alternative/null), data provided strong evidence 

against the alternative hypothesis for condition (B10 = 0.086) and for the interaction effect 

between condition and time (B10 = 0.045). 

6.3.1.2. Estimation of carry-over effects on RMSSD. A univariate rmANOVA was 

performed to check if the position of the resting phases, namely the first (M = 54.92, SD = 

29.43), the second (M = 54.83, SD = 26.83) and the third resting phase (M = 55.94, SD = 27.24), 

differed from each other regarding RMSSD. RMSSD during the different resting phases did not 

differ significantly from each other, F(2, 120) = 0.70, p = .498. 
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6.3.1.3. Subjective responses. A Friedman test indicated that the ratings of the 

stimulation intensities during the different stimulation conditions varied significantly across the 

different stimulation conditions, χ2(2) = 87.790, p < .001. Three post hoc analyses were done, 

resulting in a p value of .017 after Bonferroni correction. Post hoc Wilcoxon tests showed that 

the stimulation intensity 0.5 mA (Mdn = 1.73) was perceived as significantly lower than both 1.0 

mA (Mdn = 3.24), z = 6.630, p < .001, r = .600, and 1.5 mA (Mdn = 4.856), z = 6.630, p < .001, r 

= .388. The stimulation intensity 1.5 mA was perceived as significantly stronger than 1.0 mA, z 

= 4.290, p < .001, r = .600.  

 

Figure 11. Experiment 1. Mean scores of root mean square of successive differences 

(RMSSD). Scores during different stimulation intensities at three time measurement points. 

Error bars represent confidence intervals (95%).
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Table 10.  

 

Results of repeated measures analysis of variance for the root mean square of successive 

differences (RMSSD), with Bayesian analysis (B10) as well as post hoc tests for time 

measurement and for the subjective variables (Experiment 1). 

RMSSD F-value p-value ηp² B10 

Time measurements 8.590 .001 .125 11,559.067 

Stimulation condition  1.373 .257  0.086 

Time x condition 1.840 .131  0.045 

Time measurements (RMSSD) t-value p-value1 Cohen’s d B10 

Resting vs. stimulation 1st half 3.277 .002 .420 16.165 

Stimulation 1st half vs. 2nd half  1.706 .093  0.548 

Resting vs. stimulation 2nd half 2.134 .037  1.153 

Perceived intensity z-value p-value1 r-value B10 

0.5 vs. 1.0 mA 6.630 < .001 .600 2.190*1012 

0.5 vs. 1.5 mA 6.630 < .001 .388 1.048*1017 

1.0 vs. 1.5 mA 4.290 < .001 .600 360,314 

Unpleasantness     

0.5 vs. 1.0 mA 5.100 < .001 .461 1.245*106 

0.5 vs. 1.5 mA 5.590 < .001 .381 1.622*109 

1.0 vs. 1.5 mA 4.210 < .001 .506 36,515 

Note. 1Bonferroni-corrected p = .017 

 

In a similar vein, regarding unpleasantness, it was shown that the measures differed 

significantly across stimulation conditions, χ2(2) = 48.970, p < .001. Post hoc analyses with 

Wilcoxon tests (Bonferroni-corrected p = .017) indicated that the stimulation intensity 0.5 mA 

(Mdn = 2.05) was rated as significantly less unpleasant than both 1.0 mA (Mdn = 3.20), z = 

5.100, p < .001, r = .461, and 1.5 mA (Mdn = 4.14), z = 5.590, p < .001, r = .381. The stimulation 

intensity 1.5 mA was perceived as significantly more unpleasant than 1.0 mA, z = 4.210, p 
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< .001, r = .506. Moreover, perceived intensity correlated positively with RMSSD only during 

the 1.5 mA condition, during all three phases: resting (r = .331, p = .009), reactivity (r = .256,  

p = .047), and recovery (r = .307, p = .016). Unpleasantness correlated with no RMSSD 

measurements during stimulation. 

6.3.2. Discussion of Experiment 1. 

The aim of Experiment 1 was to compare the effect of three different stimulation intensities on 

physiological and subjective measurements. A significant increase of RMSSD during the 

stimulation phase was found compared to the resting phases prior to stimulation. H1 was 

therefore supported. However, this increase was general and thus not dependent on the different 

fixed stimulation intensities. These results were solidly supported by Bayesian statistics. H2, 

which was based on the Yerkes–Dodson principle (Yerkes & Dodson, 1908), was therefore 

rejected. H2.1 was supported, since 1.5 mA was perceived as the strongest and most 

uncomfortable stimulation intensity among the three stimulation intensities. Finally, given that 

only perceived intensity correlated with RMSSD during the 1.5 mA condition and that this 

correlation was positive, H2.2 and H2.3 were rejected.  

6.4. Experiment 2 

In Experiment 2, we compared the set stimulation method with the free stimulation method, in 

which the participants were instructed to freely choose a comfortable intensity just below the 

discomfort level. Given the absence of a statistical difference between the three stimulation 

intensities tested on CVA in Experiment 1, we chose the intermediate stimulation intensity from 

Experiment 1, 1.0 mA, as stimulation intensity for the set stimulation method in Experiment 2. 

Besides expecting CVA to increase during tVNS compared to baseline measurements (H1), for 

the reasons already stated, we hypothesized (H3) that the free stimulation method would evoke a 
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higher increase in CVA compared to the set stimulation method. Moreover, we expected (H3.1) 

the set stimulation method, when compared to the free stimulation method, to be perceived as 

more uncomfortable method to set the stimulation intensity. Therefore, both (H3.2) the 

perception of stimulation intensity and (H3.3) the reported sensation of unpleasantness during set 

stimulation would be associated with a decrease in RMSSD during this condition. 

The participants were aware of the chosen stimulation intensity over the course of the 

experiment in the free stimulation condition and could freely change the intensity once at the 

beginning of the on phases within the on–off cycles. After excluding participants because of the 

excluding criteria, 62 participants took part in Experiment 2 (26 females, Mage = 24.77 years) and 

the average chosen stimulation intensity in the free stimulation method was M = 1.78 mA 

(SD = 1.13). We ran a rmANOVA for RMSSD with time (resting, stimulation first half, and 

stimulation second half) and stimulation method (set stimulation method and free stimulation 

method) as factors. For subjective ratings, a t-test was run for perceived intensity (mean) and for 

stimulation unpleasantness (mean) with condition (set stimulation method and free stimulation 

method) as a normally distributed within-subject factor. 
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6.4.1. Results. 

6.4.1.1. Cardiac vagal activity. Descriptive statistics for RMSSD and for the subjective 

variables can be seen in Table 9 and results of the hypothesis testing can be found in Table 11. 

Regarding RMSSD, we found a main effect of time, F(2, 122) = 15.354, p < .001, η² = .206 

(Figure 12). Three post hoc analyses were done, with pairwise comparisons (Bonferroni-

corrected p = .017) showing a significant increase from resting RMSSD (M = 43.44, SD = 16.66) 

to RMSSD during the first half of the stimulation period (M = 44.82, SD = 17.39), t(59) = 2.960, 

p = .004, d = 0.382, and to RMSSD during the second half of the stimulation period (M = 45.29, 

SD = 17.47), t(59) = 3.410, p = .001, d = 0.440. RMSSD during stimulation first half was not 

significantly different from RMSSD during the second phase of the stimulation, t(59) = 0.935, 

p = .354. No significant main effect of condition, F(1, 61) = 1.715, p = .195, as well as no 

interaction effect of time × condition, F(1.811, 110.475) = 0.419, p = .888, for RMSSD was 

found. Bayes factors (alternative/null) provided substantial evidence against the main effect of 

condition (B10 = 0.129) and strong evidence against the interaction effect between condition and 

time (B10 = 0.060). 

6.4.1.2. Estimation of carry-over effects on RMSSD. A paired t-test was run to check 

if the position of the resting phase s differed from each other regarding RMSSD. RMSSD during 

the first (M = 44.22, SD = 17.86) and the second resting phase (M = 44.67, SD = 17.45) did not 

differ significantly from each other, t(62) = 0.78, p = .441. 



Article II                102 

 

 

6.4.1.3. Chosen intensity during the free stimulation method. According to the one-

sample t-test, the mean stimulation intensity chosen during the free stimulation phase was 

significantly higher than that set for the set stimulation phase, t(59) = 5.365, p < .001, d = 0.693. 

The mean chosen stimulation intensity correlated positively with RMSSD during the free 

stimulation phase (rs(58) = .357, p = .004). A higher chosen intensity was also associated with a 

higher rating of unpleasantness, rs(58) = .583, p < .001.  

6.4.2. Discussion of Experiment 2. 

In Experiment 2, RMSSD values showed a significant overall increase during the stimulation 

phase compared to the resting phase, thus giving support to H1. Importantly, similar to the results 

in Experiment 1, none of the different stimulation conditions significantly differed from each 

other regarding RMSSD values, meaning that H3 had to be rejected. Contrary to our expectation, 

the free stimulation method was perceived as stronger and more unpleasant than the set 

stimulation method. H3.1, thus, had to be rejected. Since neither perceived intensity nor 

unpleasantness correlated with any RMSSD measurements during stimulation, H3.2 and H3.3 

were also rejected. It is noteworthy that higher chosen intensities in the free stimulation 

condition were associated with higher RMSSD values.  
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Table 11.  

 

Results of repeated measures analysis of variance for the root mean square of successive 

differences (RMSSD), with Bayesian analysis (B10), post hoc tests for time measurement and t-

tests for the subjective variables (Experiment 2). 

RMSSD F-value p-value ηp² B10 

Time measurements 15.354 < .001 0.206 1,777.357 

Stimulation condition 1.715 .195  0.129 

Time x condition 0.419 .888  0.060 

Time measurements 

(RMSSD) 
t-value p-value* Cohen’s d B10 

Resting vs. stimulation 

1st half 
2.960 .004 0.382 7.138 

Stimulation 1st half vs. 

2nd half 
3.410 < .001 0.333 0.214 

Resting vs. stimulation 

2nd half 
0.935 .354  23.136 

Perceived intensity t-value p-value* Cohen’s d B10 

Set stimulation vs. free 

stimulation 
5.026 < .001 0.638 836.428 

Unpleasantness t-value p-value* Cohen’s d B10 

Set stimulation vs. free 

stimulation 
0.766 < .001 0.447 0.173 

Note. *Bonferroni-corrected p = .017 
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Figure 12. Experiment 2. Mean scores of root mean square of successive differences (RMSSD). 

Scores during different stimulation methods at three measurement points. Error bars represent 

confidence intervals (95%) 

Given the lack of differences between the stimulation conditions in Experiments 1 and 2, 

we ran a third experiment to better understand the relationship between tVNS and time 

measurements. Specifically, we were interested in investigating if the overall increase in RMSSD 

during the stimulation conditions is in fact due to the stimulation itself or a result of other 

unknown factors. For this reason, in Experiment 3 we used the active stimulation conditions 

from Experiment 2 and included a set sham stimulation condition as well as a free sham 

stimulation condition. 

6.5. Experiment 3 

We again expected CVA to increase during tVNS compared to baseline measurements (H1), and 

the free stimulation method to evoke a higher increase in CVA compared to the set stimulation 
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method (H3). Moreover, considering the results of Experiment 2, for Experiment 3 we 

hypothesized (H4) that both active stimulations would provoke higher CVA (measured via 

RMSSD) when compared to the sham conditions. Consequently, we expected tVNS to affect 

CVA regardless of the active stimulation method that was tested. Furthermore, based on the 

results for the subjective ratings in Experiment 2, we expected (H4.1) the free stimulation 

method to be perceived as the most intense and most uncomfortable method among both 

methods we deployed. Therefore, both (H4.2) the perception of stimulation intensity and (H4.3) 

the reported sensation of unpleasantness during free stimulation would be associated with a 

decrease in RMSSD during this condition. 

We ran a rmANOVA for RMSSD with time (resting, stimulation first half, and 

stimulation second half), stimulation method (set stimulation method and free stimulation 

method) and stimulation condition (active and sham stimulation) as factors. For subjective 

ratings, a Friedman test was run for perceived intensity (median) and for stimulation 

unpleasantness (median) with condition (set active stimulation, set sham stimulation, free active 

stimulation, free sham stimulation) as a nonnormally distributed within-subject factor, with 

Wilcoxon tests for post hoc analyses. The average chosen stimulation intensity in the free active 

stimulation condition was M = 2.5 mA (SD = 0.93), whereas for free sham stimulation it was 

M = 2.76 mA (SD = 1.01). Sixty participants took part in Experiment 3 (31 females, Mage of 

23.62 years). 
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6.5.1. Results. 

6.5.1.1. Cardiac vagal activity. Descriptive statistics for RMSSD and for the subjective 

variables can be seen in Table 9 and results of the hypothesis testing can be found in  Table 12. 

For RMSSD, a rmANOVA showed a main effect of time, F(2, 118) = 5.665, p = .004, ηp² = .088. 

Pairwise comparisons (Bonferroni-corrected p = .017) showed a non-significant increase from 

resting RMSSD (M = 61.64, SD = 23.57) to RMSSD during the first half of the stimulation 

period (M = 63.79, SD = 25.20), t(59) = 2.172, p = .034, but a significant one to RMSSD in the 

second half (M = 65.19, SD = 26.90), t(59) = 3.080, p = .003, d = 0.398. RMSSD in the first half 

was not significantly different from RMSSD during the second half, t(59) = 1.350, p = .182. 

There was neither a main effect of stimulation condition, F(3, 177) = 0.031, p = .860 (Figure 

13a), nor of stimulation method, F(3, 177) = 0.948, p = .334, and no interaction effect, F(4.766, 

281.217) = 0.276, p = .759 (Figure 13b). Bayesian statistics were run for the null results and the 

estimated Bayes factors (alternative/null) strongly supported the lack of main effect for 

stimulation condition (B10 = 0.096), and substantially supported it for stimulation method (B10 = 

0.149), and for the lack of interaction effect (B10 = 0.125). 

6.5.1.2 Estimation of carry-over effects on RMSSD. A univariate rmANOVA was run to check if the 

position of the resting phases differed from each other regarding RMSSD. Overall, RMSSD 

during the different resting phases differed significantly from each other, F(2.578, 152.125) = 

16.020, p < .001, ηp² = 0.214. Six post hoc analyses were done (Bonferroni-corrected p = .008). 

No significant difference between the resting RMSSD values in the first and the second positions 

could be found, t(59) = 0.999, p = .322. However, we found a significant increase from resting 

RMSSD in the first position, i.e. the resting phase before the first condition (M = 56.77, 

SD = 23.94), to resting RMSSD in the third position (M = 66.04, SD = 29.12), t(59) = 4.313, 



Article II                107 

 

 

p < .001, d = 0.557, and to resting RMSSD in the fourth position (M = 67.83, SD = 29.94), t(59) 

= 5.005, p < .001, d = 0.646. Resting RMSSD increased significantly from the second position 

(M = 57.50, SD = 22.10) to the third one, t(59) = 3.814, p < .001, d = 0.492, and to the fourth 

one, t(59) = 5.125, p < .001, d = 0.662. No significant difference between the resting RMSSD 

values in the third and the fourth positions could be found, t(59) = 1.077, p = .286. 

6.5.1.2. Subjective responses. With respect to subjective responses, a Friedman test 

indicated that the ratings of the stimulation intensities during the different stimulation conditions 

were significantly different, χ2(3) = 81.34, p < .001. Six post hoc analyses (p = .008 after 

Bonferroni correction) showed that set active stimulation (Mdn = 1.77) was rated as significantly 

weaker than free active stimulation (Mdn = 6.50), z = 5.74, p < .001, r = .741, and free sham 

stimulation (Mdn = 6.22), z = 6.57, p < .001, r = .848. Set sham stimulation (Mdn = 1.96) was 

perceived as significantly weaker than free active stimulation, z = 5.18, p < .001, r = .669, and 

free sham stimulation, z = 5.80, p < .001, r = .749. Perceived intensity correlated with no 

RMSSD measurements during stimulation. 
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Table 12.  

 

Results of repeated-measures analysis of variance for the root mean square of successive 

differences (RMSSD), with Bayesian analysis (B10) as well as post hoc tests for time measurement 

and for the subjective variables (Experiment 3). 

RMSSD   F-value p-value ηp² B10 

Stimulation condition 0.031 .860  0.096 

Stimulation method 0.948 .334  0.149 

Time measurements 5.665 .004 0.088 1.09 

Condition x method x time 0.276 .759  0.125 

Time measurements (RMSSD) t-value p-value* Cohen’s d B10 

Resting vs. stimulation 1st half 2.172 .034  1.246 

Resting vs. stimulation 2nd half 3.080 .003 0.280 9.642 

Stimulation 1st half vs. 2nd half  1.350 .182  .334 

Perceived intensity z-value p-value** r-value B10 

Set active vs. set sham 0.184 .854  0.142 

Set active vs. free active 5.740 < .001 0.741 1.140*108 

Set active vs free sham 6.570 < .001 0.848 4.458*1012 

Set sham vs. free active 5.180 < .001 0.669 2.068*106 

Set sham vs. free sham 5.800 < .001 0.749 7.822*109 

Free active vs. free sham 0.501 .617  0.154 

Unpleasantness z-value p-value** r-value B10 

Set active vs. set sham 0.532 .594  0.159 

Set active vs. free active 4.040 < .001 0.520 386.451 

Set active vs free sham 4.254 < .001 0.505 100.497 

Set sham vs. free active 3.909 < .001 0.549 66.406 

Set sham vs. free sham 3.823 < .001 0.494 274.774 

Free active vs. free sham 1.108 .268  0.184 

*Bonferroni-corrected p = .017 

**Bonferroni-corrected p = .008 
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Figure 13. Experiment 3. Mean scores of root mean square of successive differences (RMSSD). 

Scores during (a) different stimulation conditions as well as (b) different stimulation methods at 

three time measurement points. Error bars represent confidence intervals (95%). 
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In a similar vein, regarding unpleasantness, it was shown that participants in the 

stimulation conditions differed significantly in their estimations, χ2(3) = 29.030, p < .001. Post 

hoc analyses with Wilcoxon tests (Bonferroni-corrected p = .008) indicated that free active 

stimulation (Mdn = 3.94) was rated as significantly more unpleasant than set active stimulation 

(Mdn = 1.46), z = 4.03, p < .001, r = .520, and set sham stimulation (Mdn = 1.98), z = 3.91, p 

< .001, r = .505. Free sham stimulation (Mdn = 3.133) was perceived as significantly more 

unpleasant than set active stimulation, z = 4.25, p < .001, r = .549, and set sham stimulation, z = 

3.82, p < .001, r = .493. Perceived intensity and unpleasantness correlated with no RMSSD 

measurements during stimulation. 

6.5.1.3 Chosen intensity during the free stimulation method. Two one-sample t-tests 

(Bonferroni-corrected p = .025) revealed that the mean stimulation intensity chosen during the 

free active stimulation phase was significantly higher than that set for the set active stimulation 

phase, t(59) = 12.141, p < .001, d = 1.567. Further, the mean stimulation intensity chosen during 

the free sham stimulation phase was significantly higher than that set for the set sham stimulation 

phase, t(59) = 13.542, p < .001, d = 1.748. The mean stimulation intensity chosen during the free 

active stimulation phase was significantly lower than that chosen during the free sham 

stimulation phase, t(59) = 2.501, p = .015, d = 0.323. Chosen stimulation intensity was not 

correlated with RMSSD during the free active and free sham stimulation phases. Likewise, 

chosen intensity in both free stimulation conditions was not correlated with perceived stimulation 

intensity and with the rating of unpleasantness in the respective phases.  

6.5.2 Discussion of Experiment 3. 

In line with Experiments 1 and 2, in Experiment 3 we found an increase from resting RMSSD to 

the RMSSD values during the stimulation phase, thus giving support to H1. Against H3, the 
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effects of different stimulation methods on RMSSD did not differ from each other. Surprisingly, 

there was no difference between the active and sham conditions, meaning that H4 had to be 

rejected. Moreover, contrary to Experiments 1 and 2, there was evidence for a carry-over effect 

between the second and the third condition. The rated strength of the stimulation intensities 

within the stimulation conditions corresponded to the real stimulation intensities. In line with our 

expectations (H4.1), the stimulation intensities that could be chosen freely were perceived as 

higher than the set stimulation intensity 1.0 mA and were also rated as more unpleasant. Contrary 

to the results in Experiment 2 and to our expectations, in Experiment 3 the perception of 

stimulation intensity (H4.2) and the reported sensation of unpleasantness (H4.2) during the free 

stimulation condition were not associated with higher RMSSD values.  

6.6 General Discussion 

We investigated the influence of tVNS on CVA by testing the effect of different stimulation 

intensities on a vmHRV parameter as well as on subjective ratings. This was the first study on 

tVNS to systematically investigate the effects of different stimulation intensities and different 

methods to determine them on CVA. The outcomes of the three experiments regarding effects of 

tVNS on CVA followed the same pattern, namely an increase in CVA from resting to at least one 

of the stimulation phases. However, this increase was general and thus not dependent on the 

different stimulation intensities or methods used to determine them, including the comparison 

between active and sham stimulation. This pattern of results was solidly supported by Bayesian 

estimations. On the subjective level, higher stimulation intensities were perceived as stronger, 

and the free stimulation method was perceived as stronger than the set stimulation method 

(Experiments 2 and 3). A stronger stimulation was generally also perceived as more unpleasant. 

Only in Experiment 1 a subjective rating of stimulation intensity or method correlated with 
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RMSSD, namely the rating during the 1.5 mA-condition. Importantly, in Experiment 3 we found 

no differences between active and sham stimulations regarding CVA and this is in accordance 

with previous research (Burger et al., 2019, 2016; Burger et al., 2019; De Couck et al., 2017). 

Besides a rather unlikely potential placebo effect due to the single-blind design, we can think of 

two further possible explanations for this lack of differences. First, it is possible that stimulation 

parameters of tVNS do not affect its underlying mechanisms of action. In pain research, it has 

been speculated that VNS could send non-specific signals at the brainstem level. According to 

this idea, these signals would compete with incoming pain stimuli or alternatively trigger non-

specific reflexes that activate pain inhibition, for instance by means of release of inhibitory 

neurotransmitters (Albusoda et al., 2018). If this is also the case for the vagal pathway that is 

responsible for affecting cardiac activity, the effect of tVNS would be independent of its 

stimulation parameters (including the differentiation between active and sham stimulation), as 

long as the electrical signal evoked by tVNS reaches the brainstem nuclei involved. 

Second, the suitability of the earlobe as a sham condition has been questioned. Peuker 

and Filler (Peuker & Filler, 2002) offered a detailed description of the nerve distribution of 

different innervation areas of the human auricle, showing that the earlobe is free from vagal 

innervation and has the great auricular nerve as its only source of innervation. However, their 

findings were based on a sample of only seven human cadavers and in general, they also lacked 

substantial evidence that electrical stimulation on the earlobe cannot stimulate brain center nuclei 

that trigger an increase in cardiac vagal outflow (Rangon, 2018). Different fMRI studies 

(Frangos et al., 2015; Kraus et al., 2013; Yakunina & Kim, 2017) found evidence of activation of 

vagal pathways during tVNS when compared to earlobe stimulation; however, active stimulation 

was not always applied on the left cymba conchae. Furthermore, stimulation parameters such as 
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the on–off cycles, differed partially from those in the present study (Kraus et al., 2013). This 

showcases once again that the lack of standards is an issue in tVNS research. Future studies 

should systematically address this topic by comparing areas that are currently being used as 

stimulation areas on the ear, such as the cymba conchae, outer auditory canal, and tragus, with 

stimulation on the earlobe using a multi-method approach — that is, taking behavioral and 

physiological measures into account. 

Third, despite an increase of CVA from before to during tVNS and given that other 

reasons for this increase besides the action of tVNS cannot be completely ruled out, it is possible 

that RMSSD, as a marker of CVA, is not sensitive to afferent vagal changes triggered by tVNS. 

The tVNS signal on the left ABVN is afferently sent to the prefrontal cortex, from where the 

signal is expected to go efferently to the heart (Thayer & Lane, 2009). It is not clear yet if the 

electrical signal produced by tVNS is strong enough to overcome body-related barriers such as 

skin and blood vessels and therefore trigger vagal afferent firing in a way that would robustly 

increase prefrontal activity. This question may also be related to individual differences that can 

be relevant regarding electrical stimulation. Skin properties such as impedance, water content, 

structure, and subcutaneous fat thickness have been shown to have an influence on the efficacy 

of transcutaneous electrical stimulation (Doheny et al., 2008; Keller & Kuhn, 2009) and may 

have an influence on the response to tVNS. For this reason, to increase explained variance of the 

results, we recommend that future studies control for skin characteristics as well as further 

anatomical individual differences in the ear – fat thickness, for instance, is often measured using 

ultrasonography (Doheny et al., 2008). Some of these interindividual differences concerning skin 

characteristics can be related to age; specifically, older age is related to dryer, thinner and less 

hydrated skin and this can influence the sensibility to electrical transcutaneous stimulation 
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(Kemp et al., 2014). Therefore, in case the sample consists of a heterogeneous population (in 

contrast to student samples), it is reasonable to take this potential confounder into account in the 

data analyses. Future studies should also address some of these questions by testing tVNS in 

combination with HRV and neuroimaging techniques such as fMRI and fNIRS, especially when 

it comes to investigating the sensitivity of CVA as a marker of vagal activation through tVNS. In 

these studies, a double-blind design should be considered to avoid possible placebo effects 

occurring with the sham stimulations. 

Another noteworthy finding in the present study is that the stimulation intensities that 

were chosen on average in the free stimulation method were higher than the intensity normally 

reported in the tVNS literature (De Couck et al., 2017; Frangos et al., 2015; Rangon, 2018). A 

possible explanation is that most participants in the sample were sport students, which may have 

led to a sample with more participants with an inclination to be competitive. Competitiveness 

may explain why the participants often tended to choose stimulation intensities that were 

reported as uncomfortable without the existence of an apparent reward in the present study. 

Future studies should investigate the influence of different participants’ backgrounds on the 

outcomes related to tVNS and also use more standardized methods to determine the individual 

stimulation intensity, similar to other recent studies with tVNS (Fischer et al., 2018; Ventura-Bort 

et al., 2018). 

Considering the previous literature on VNS (Roosevelt et al., 2007), we expected the 

effects of short-term tVNS to be transient and to be confined to the stimulation periods. 

However, although analyses of carry-over effects on RMSSD at the resting phases provided 

evidence against the existence of carry-over effects in Experiments 1 and 2, an evidence for a 

carry-over effect in Experiment 3 was found. This interpretation comes from the results that the 
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resting positions in Experiments 1 and 2 did not show any increase regarding RMSSD, whereas 

there was a significant increase between the first two resting phases and the last two resting 

phases in Experiment 3. Since Experiment 3 was the longest one among the three experiments 

and had the highest number of conditions (and consequently of stimulation periods), it is possible 

that a longer or more frequent stimulation plays a role when it comes to cardiac vagal effects of 

tVNS. Thus, the question related to the duration of tVNS effects still has to be further 

investigated. In a previous study, no relation was found between order of condition and HRV 

levels in the context of an experiment that lasted about 65 minutes, although it is not clear how 

exactly this was evaluated (De Couck et al., 2017). Nonetheless, it should be highlighted that the 

idea that tVNS has a transient effect comes from a previous VNS study (Roosevelt et al., 2007) 

in which first, brain norepinephrine concentrations were measured and not CVA and second, the 

authors used (cervical) iVNS in rats. Concerning tVNS, so far there is scarce evidence that a 

majority of brain areas that are thought to be part of the vagal pathway remain active after 

cessation of the stimulation of the left cymba conchae, although some areas continue to be active 

up to 11 minutes after stimulation (Frangos et al., 2015). Even though this finding lacks any 

inferential statistical analysis, it shows the importance of systematically taking into account the 

duration of effects after the stimulation period before drawing conclusions. Whether the effects 

of tVNS are transient is a question that should be specifically addressed by systematically 

comparing different time settings and stimulating the ABVN, using CVA as a dependent variable 

and comparing its measurement before, during, and after the stimulation.  

The same is valid for the often-discussed idea that the mechanism behind tVNS is related 

to the Yerkes–Dodson principle (Yerkes & Dodson, 1908): no evidence towards an inverted U-

shaped curve could be found in the present study. Even if we used similar stimulation intensities 
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as found in a previous study with humans receiving iVNS (Clark et al., 1999), it is important to 

highlight that this previous study investigated memory instead of CVA. Given the lack of 

outcome comparability, it is not possible to infer that the intensities that have been used 

correspond in fact to low, intermediary and high intensities, respectively. In the opposite 

direction, it is also possible that all intensities, especially in Experiment 1, are situated in the 

first, upward phase of the inverted U-shaped curve. Consequently, given this pattern could not be 

observed in the present study, its existence regarding the relationship between tVNS and CVA 

remains speculative. Future studies should further investigate this important issue by considering 

the points raised above and also address other domains that are thought to be modulated by 

tVNS, such as physiological (e.g. pupillary responses (Keute, Demirezen, et al., 2019; Warren et 

al., 2019) and cognitive processes (e.g. working memory and inhibitory control (Beste et al., 

2016). 

6.7 Limitations 

The main limitation of our study was that we did not to take different physiological markers into 

account to compare them with CVA measurements, nor used neuroimaging techniques such as 

fMRI or fNIRS. Possible additional markers could be measurements of neurotransmitters thought 

to be linked to tVNS, for example, salivary alpha amylase, pupillary responses or P300 for 

norepinephrine release (Joshi et al., 2016; Ventura-Bort et al., 2018), or markers for sympathetic 

activity such as preejection period (Larkin et al., 1986) and muscle sympathetic nerve activity 

(Clancy et al., 2014). Further, choosing to test all conditions in the same session may have led to 

some carry-over effects, as stated above. Moreover, respiration was not measured. Effects on 

RMSSD may be driven by influences of tVNS upon respiration, meaning that if an intervention 

can make persons breathe more slowly, RMSSD might in turn be increased (Lehrer & Gevirtz, 
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2014). Regarding the subjective responses, the formulation of the questions may have influenced 

the responses, since the question for measuring perceived intensity described a specific sensation 

provoked by tVNS (a tingle in the ear) whereas the unpleasantness question does not use such 

descriptive word for the stimulation sensation. Finally, although this was not the focus of the 

present study, a limitation may be that we did not take a cognitive paradigm into account, which 

would have enabled us to investigate the role of tVNS compared to sham stimulation as a 

moderator of cognitive functioning. 

6.8 Conclusion 

The present study was the first attempt to systematically investigate, at the physiological and 

subjective level, the effects of different tVNS stimulation intensities as well as different 

stimulation methods. Based on the results summarized above, further investigation is needed on 

the potential effect of tVNS on CVA. Furthermore, the findings reported here revealed the 

importance of performing Bayesian analyses in addition to classical inferential hypothesis 

testing. Finally, this study pointed out the challenges in current research on tVNS and the need to 

address the lack of standards for stimulation to be used in cognitive and physiological studies. 

6.9 Supporting Information: Analysis of further HRV parameters and comparison with 

results of previous studies 

We ran three rmMANOVAs, one for each experiment. The factors were condition (stimulation 

intensities or stimulation methods, dependent on the experiment) as well as time measurement 

(resting phase, the first 5 min of the stimulation period (stimulation first half), and the last 5 min 

of the stimulation period (stimulation second half)) and dependent variables were HR, RMSSD 

and LF/HF.  
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In Experiment 1, a rmMANOVA showed that there is a statistically significant difference 

in the HRV parameters regarding time measurements, Wilk's Λ = .750, F(6, 236) = 

3.080, p < .001, ηp² = .134, but not regarding different stimulation intensities, Wilk's Λ = .915, 

F(6, 236) = 1.792, p = .101. In follow-up univariate ANOVAs with Greenhouse–Geisser 

correction, there was a main effect in time measurement for HR, F(1.403, 84.184) = 

3.694, p = .044, ηp² = .058; for RMSSD, F(1.565, 84.184) = 8.590, p = .001, ηp² = .125, and for 

LF/HF ratio, F(1.320, 84.184) = 5.453, p = .014, ηp² = .083. Six pairwise comparisons for each 

HRV parameter (Bonferroni-corrected p = .008) showed that HR significantly decreased between 

stimulation’s first half and second half (p < .001). RMSSD increased significantly from resting 

phase to the first half of the stimulation phase (p = .001) and also from the first to the second half 

(p = .008). LF/HF ratio increased significantly from resting to the second half of the stimulation 

phase (p = .006).  

In Experiment 2, we also found only a main effect of time, Wilk's Λ = .634, F(6, 232) = 

9.895, p < .001, ηp² = .204. In follow-up univariate ANOVAs with Greenhouse–Geisser 

correction if necessary, there was a main effect in time measurement for HR, F(1.537, 90.662) = 

21.552, p < .001, ηp² = .268, for RMSSD, F(2, 118) = 15.354, p < .001, ηp² = .206, but not for 

LF/HF ratio, F(1.684, 90.662) = 2.391, p = .106. Six pairwise comparisons for each HRV 

parameter (Bonferroni-corrected p = .008) showed that HR significantly decreased across all 

measurement time points (p < .001); RMSSD increased significantly from resting to first half  

(p = .001) and from resting to second half (p < .001). 

Likewise, in Experiment 3 we also found a main effect of time, Wilk's Λ = .833, F(6, 

232) = 3.710, p = .002, ηp² = .088. This main effect was found for HR, F(1.875, 110.616) = 

10.401, p < .001, ηp² = .150 and for RMSSD, F(1.868, 110.216) = 4.563, p = .014, ηp² = .072, but 
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not for LF/HF ratio, F(1.826, 107.748) = 1.221, p = .296. Pairwise comparisons revealed that, 

after Bonferroni-correcting p value (p = .008), there is a significant difference only for HR, 

namely a decrease from resting to second half of the stimulation (p < .001).  

Taken together, tVNS exerted similar effects on the three HRV parameters, with only 

time measurement showing significant differences without showing any effect of stimulation 

intensities. However, only in Experiment 1 we found a significant main effect of time for LF/HF 

ratio, independently of the stimulation condition. On the one hand, in accordance with previous 

studies (Badran, Mithoefer, et al., 2018; Clancy et al., 2014), we found a significant decrease in 

HR during active and sham tVNS. On the other hand, contrary to our results regarding LF/HF 

ratio, Clancy et al. (Clancy et al., 2014) found a significant decrease in LF/HF ratio during active 

tVNS but no significant change in the sham group. Hence, we could observe the same results 

reported by Badran and colleagues (Badran, Mithoefer, et al., 2018) and partially replicate the 

results reported by Clancy and colleagues (Clancy et al., 2014). Nonetheless, as already stated in 

the manuscript, these authors used different stimulation parameters we did in the present study. 

Besides different pulse-width, frequency, and on–off cycle, they stimulated a different area of the 

ear, the tragus, which is thought to be innervated by different nerves as the cymba conchae 

(Peuker & Filler, 2002), which we stimulated in our research project. For this reason, any 

comparison between results from these studies should be treated with considerable caution. 
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6.10 Additional analysis: Influence of transcutaneous vagus nerve stimulation on high-

frequency heart rate variability in the three experiments3 

To be in line with Articles I and III, we additionally investigated whether HF transformed with 

autoregressive modelling increased in the three experiments from resting to stimulation periods 

(stimulation first and second half), and whether there was a difference between active and sham 

stimulation. We followed the same procedure as described in Section 6.2, and additionally 

excluded participants with a respiration rate of less than nine and more than 24 cycles per 

minute. As described in Subsection 5.2.2, HF reflects cardiac vagal activity when breathing 

remains within this range (Malik et al., 1996). Respiration rates (the number of respiratory cycles 

per minute) were obtained by multiplying the ECG-derived respiration value calculated via the 

Kubios algorithm by 60 (Tarvainen, Niskanen, Lipponen, Ranta-aho, & Karjalainen, 2013). We 

then ran three rmANOVAs, one for each experiment, and they correspond to the exact analyses 

performed for RMSSD in the respective experiments. The factors were condition (stimulation 

intensities or stimulation methods, dependent on the experiment) as well as time of measurement 

(resting phase, the first 5 min of the stimulation period (stimulation first half), and the last 5 min 

of the stimulation period (stimulation second half)), and HF was the dependent variable for the 

three experiments. 

In Experiment 1, a rmANOVA showed that there is a statistically significant difference in 

HF regarding times of measurement, F(1.450, 71.026) = 4.192, p = .030, ηp² = .079, but not 

regarding different stimulation intensities, F(2, 98) = 1.102, p = .336. There is no interaction 

effect, F(4, 196) = 1.721, p = .147. Three post hoc analyses were performed to further analyze 

                                                 

 

3 This analysis has only been performed for this thesis and has not been published with the article. 
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the main effect of time (Bonferroni-corrected p = .017). We found a significant increase from 

resting HF (M = 1,422.33, SD = 1,576.44) to the first half of the stimulation period 

(M = 1,535.24, SD = 1,488.08), t(50) = 2.491, p = .016, d = 0.352. There was no difference 

between the first and the second stimulation half (M = 1,446.37, SD = 1,471.36), t(50) = 1.875, 

p = .067, and between the resting phase and the second stimulation half, t(50) = 1.408, p = .165.  

In Experiment 2, a rmANOVA showed that there is a statistically significant difference in 

HF regarding time measurements, F(2, 106) = 8.756, p < .001, ηp² = .142, but not regarding 

different stimulation intensities, F(1, 53) = 0.699, p = .407. There is no interaction effect, F(2, 

106) = 0.601, p = .550. Three post hoc analyses of the main effect of time (Bonferroni-corrected 

p = .017) were performed. They revealed a significant increase from resting HF (M = 880.456, 

SD = 763.429) to the first half of the stimulation period (M = 1,065.14, SD = 1,088.34), t(53) = 

2.497, p = .016, d = 0.340, and to the second half of the stimulation period (M = 1,053.23, 

SD = 964.41), t(53) = 3.996, p < .001, d = 0.544. There was no difference between the first and 

the second stimulation half, t(53) = 0.937, p = .353.  

Similar to Experiments 1 and 2, in Experiment 3 a rmANOVA showed a statistically 

significant difference in HF regarding time measurements, F(2, 84) = 6.424, p = .003, ηp² = .133, 

but not regarding different stimulation conditions, F(2.580, 108.379) = 0.371, p = .744. There 

was no interaction effect, F(6, 252) = 0.411, p = .871. Three post hoc analyses were done to 

further analyze the main effect of time (Bonferroni-corrected p = .017). We found a significant 

increase from resting HF (M = 1,585.81, SD = 1,205.17) to the first half of the stimulation period 

(M = 1,782.03, SD = 1,446.55), t(42) = 2.669, p = .011, d = 0.407, and to the second half of the 

stimulation period (M = 1,818.55, SD = 1,481.12), t(42) = 3.349, p = .002, d = 0.511. There was 

no difference between the first and the second stimulation half, t(42) = 0.721, p = .475. 
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In conclusion, the analysis of HF before and during tVNS followed a similar pattern as 

RMSSD. In the three experiments, HF had an increase between resting and stimulation period, 

but this increase was independent of stimulation condition, with active stimulation showing no 

difference from sham stimulation. 

In the following chapter, I present Article III, in which we further investigate stimulation 

parameters. In this article, we addressed the question whether stimulating different auricular 

areas triggers different psychophysiological processes that are thought to be influenced by tVNS.  
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Abstract 

Efforts in optimizing transcutaneous vagus nerve stimulation (tVNS) are crucial to further 

develop its potential in improving cognitive and autonomic regulation. The present study 

focused on this topic. The aim was to compare for the first time the main stimulation areas of 

the ear currently used in studies with tVNS, taking cognitive as well as neurophysiological 

effects into account. The main areas to be compared with one another were tragus, cymba 

conchae, and earlobe (sham) stimulation. Post-error slowing, which has already been shown to 

be influenced by tVNS, was used to investigate the cognitive effects of tVNS when applied on 

the different auricular areas. On the neurophysiological level, we measured pupillary responses 

as an index of norepinephrine activity during post-error slowing, and cardiac vagal activity to 

investigate the activation of neural pathways involved in post-error slowing. Stimulation of 

different auricular areas led to no differences in post-error slowing and in pupillary responses. 

However, the neurological processes involved in post-error slowing could be observed, since 

norepinephrine activity increased after committing an error. Further, there was an increase in 

cardiac vagal activity over the test period that was independent of the stimulation areas. The 

results suggest that tVNS targeting the ear might have a non-specific effect on the processing of 

error commission, on pupillary responses, and on cardiac vagal activity. We conclude that it is 

necessary to consider alternatives for sham conditions other than electrical earlobe stimulation. 

 

Keywords: tVNS, stimulation parameters, post-error slowing, cardiac vagal activity, neurovisceral 

integration model, pupillometry  
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7.1 Introduction 

Transcutaneous vagus nerve stimulation (tVNS) is a noninvasive technology used to electrically 

modulate brain activity via afferent vagal pathways (Colzato & Vonck, 2017). In 2019, 59 studies 

using the term “transcutaneous vagus nerve stimulation” appeared in Web of Science4. Compared 

to only two publications in 2009, this represents a growth of 2,850% within 10 years. Many of 

these studies have investigated how tVNS enhances cognitive (e.g., Beste et al., 2016) and 

neurophysiological (e.g., Antonino et al., 2017) processes in healthy humans. Nevertheless, 

because of the novelty of this technology and the absence of standards regarding stimulation 

protocols, the tVNS-related stimulation parameters have not been used consistently in research 

(Badran, Mithoefer, et al., 2018), which impedes the comparability of such studies. Currently, a 

hot topic in this regard is the debate about the stimulation of different parts of the ear. The 

present work addresses this issue and investigates for the first time the influence of applying 

tVNS on different parts of the ear regarding behavioral (cognitive) and neurophysiological 

processes. On a behavioral level, we considered post-error slowing (PES), and on a 

neurophysiological level we took norepinephrine-related pupillary responses and cardiac vagal 

activity (CVA) into account.  

The working mechanism of tVNS in the brain has been profusely investigated by means 

of functional magnetic resonance imaging (fMRI). In comparison to sham stimulation or baseline 

measurement, active stimulation has shown to increase nucleus tractus solitarius activity, 

providing evidence that an electrical signal transcutaneously applied at the ear is projected to the 

medulla oblongata in the brainstem (Frangos et al., 2015; Frangos & Komisaruk, 2017; Sclocco 
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et al., 2019; Yakunina & Kim, 2017). Moreover, the locus coeruleus—a brain area that is highly 

connected with the nucleus tractus solitarius and is considered to be the primary source of 

norepinephrine in the brain (Foote et al., 1983)—was found to have an increased activity during 

tVNS (Dietrich et al., 2008; Kraus et al., 2013). Furthermore, activations in the spinal trigeminal 

nucleus and insula have been reported (Dietrich et al., 2008; Frangos et al., 2015; Kraus et al., 

2013). The activity of brain areas such as the hypothalamus and the amygdala have shown 

heterogeneous results, i.e., in some studies they increased and in others decreased (Dietrich et al., 

2008; Frangos et al., 2015; Kraus et al., 2007, 2013; Yakunina & Kim, 2017). Importantly, 

cortical areas such as cingulate and prefrontal cortices, which are crucial brain areas for 

executive control, response selection, error monitoring, and conflict adaptation (Aston-Jones & 

Cohen, 2005; Logue & Gould, 2014; Ullsperger et al., 2014), have also been reported to show 

increased activity (Badran, Mithoefer, et al., 2018; Dietrich et al., 2008; Frangos & Komisaruk, 

2017). To summarize, these studies showed that tVNS can activate “classical” vagal pathways 

(Frangos & Komisaruk, 2017). 

The areas affected by tVNS in the fMRI studies are part of the central autonomic 

network, an internal regulation system through which the brain controls autonomic processes 

(Benarroch, 1993). According to the neurovisceral integration model (Thayer et al., 2009), the 

brain areas that form the central autonomic network are an integral part of neuroanatomical 

pathways of the vagus nerve. Accordingly, the optimal activation of the neural pathways within 

this network is crucial for performing tasks that require executive functioning (Thayer et al., 

2009).  

Despite providing substantial evidence towards tVNS producing a significant activation 

of central vagal projections, the reviewed fMRI studies do not show consistent results regarding 
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brain areas affected by tVNS. The heterogeneity of results might be partly explained by the use 

of different stimulation parameters across these fMRI studies (Borges et al., 2019; Butt et al., 

2019). Given the substantial heterogeneity in tVNS literature regarding the choice of stimulation 

parameters, the lack of knowledge about optimal stimulation parameters can be seen as a general 

limitation in this research field (Badran, Mithoefer, et al., 2018; Butt et al., 2019; Clancy et al., 

2014). Varying electrode placement may play a crucial role in the divergence of these results 

(Butt et al., 2019). 

Recently, tVNS electrode placement on the ear has become an important topic of debate 

in research. This is likely due to the fact that mainly two auricular areas have been established as 

target areas for tVNS, namely cymba conchae and tragus, with both of them showing increased 

brain activation patterns compared to sham stimulation (Badran, Dowdle, et al., 2018; Yakunina 

& Kim, 2017). Yakunina and Kim (2017) compared both auricular areas, among others, with 

sham in an fMRI study and found activation of vagal pathways in the brain during both cymba 

conchae and tragus stimulation. However, cymba conchae stimulation led to stronger activations 

compared to tragus stimulation. However, because they only used fMRI, no insights into either 

cognitive or autonomic regulation were possible.  

The justification used for choosing cymba conchae or tragus to deliver tVNS mainly 

relies on one single anatomical study in which the nerve supply of the ears of seven cadavers 

were exposed (Peuker & Filler, 2002). According to this study, the tragus is 45% innervated by 

the auricular branch of the vagus nerve (ABVN), whereas the cymba conchae has 100% of its 

fibers from the ABVN. Importantly, this study remains to date the only cadaver ear dissection 

study with a detailed description of the vagal innervation in the tragus (Burger & Verkuil, 2018). 

On the one hand, results from studies using tragus stimulation have been questioned due to 
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inconsistencies in the reporting of innervation patterns in Peuker and Filler’s study (2002), 

meaning that it is still too premature to interpret tragus stimulation as a reliable way to stimulate 

the ABVN (Burger & Verkuil, 2018). On the other hand, and giving support to findings by 

Peuker and Filler (2002), it has been thought that both locations, tragus and cymba conchae, 

likely engage vagal fibers (Badran, Brown, et al., 2018; Butt et al., 2019). The current literature 

lacks a clear consensus on the auricular area that is most densely innervated by the ABVN, thus 

rendering it necessary for further studies to address this gap (Badran, Brown, et al., 2018; Burger 

& Verkuil, 2018; Butt et al., 2019). Concretely, it is essential to investigate the effect of 

stimulation area on biomarkers and behavioral (cognitive) effects in order to optimize the effects 

of tVNS (Badran, Brown, et al., 2018). 

Regarding effects on cognition, there is promising evidence that tVNS can affect the 

processing of error commissions. Error monitoring is assumed to be regulated by prefrontal and 

cingulate areas (Hoffmann & Beste, 2015), which are targeted by tVNS. As stated by the 

inhibitory account (Ridderinkhof, 2002), error commission is typically followed by increased 

inhibitory control. This leads to a slowdown of the task performance after committing an error, a 

phenomenon known as PES. A previous study found increased PES during tVNS compared to 

sham stimulation (Sellaro et al., 2014). It has long been proposed that slowing after unforeseen 

errors is linked to increased norepinephrine release (Ullsperger et al., 2010). Yet, the work of 

Sellaro et al. (2014) is one of the few studies investigating the causal role of norepinephrine—

allegedly upregulated by tVNS—in increasing PES. Nonetheless, they did not address 

measurements that reflect mechanisms involving PES at the physiological level . Sellaro and 

colleagues (2014) analyzed heart rate at different time points. However, heart rate is the result of 

mixed inputs from the sympathetic and parasympathetic (vagus) nerves, so that results on heart 
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rate may not necessarily correlate with the outcomes of interest (Goldberger et al., 2019). Thus, 

the interpretation of findings provided by Sellaro and colleagues (2014) currently rather lies on 

mere speculations about the mechanisms underlying tVNS which involve norepinephrine activity 

and PES.  

Pupil dilation is considered the most reliable noninvasive marker of norepinephrine 

activity in the brain given constant illuminance (Joshi et al., 2016). Pupil dilation is linked to 

effort in actions involving cognitive control (van der Wel & van Steenbergen, 2018). The iris 

dilator muscle is controlled by the sympathetic system via locus coeruleus activity (Mathôt, 

2018), which controls norepinephrine release in the brain and has shown to be increased by 

tVNS (Dietrich et al., 2008; Kraus et al., 2013). Despite this promising relationship, studies 

investigating tVNS and pupillary responses are still scarce. No modulation evoked by tVNS has 

been found in this small amount of studies (Burger, Van der Does, Brosschot, & Verkuil, 2020; 

Keute, Demirezen, Graf, Mueller, & Zaehle, 2019; Warren et al., 2019), however none of them 

investigated PES. 

Conversely, despite expecting a sympathetic reaction such as pupil dilation to be evoked 

by tVNS, there is an array of studies that investigate the enhancing effect of tVNS on the 

parasympathetic processes related to the vagus nerve (Butt et al., 2019). Because of the neural 

pathways that constitute the brain-heart axis, CVA—the activity of the vagus nerve regulating 

cardiac functioning—has been thought to be affected by tVNS (Murray et al., 2016). This is in 

line with the neurovisceral integration model, which states that the central autonomic network 

links the prefrontal cortex to the heart (Thayer et al., 2009). Using vagally-related heart rate 

variability (vmHRV) parameters as an index of CVA (Malik et al., 1996), some studies have 

shown that tVNS can increase CVA (Bretherton et al., 2019; De Couck et al., 2017; Ylikoski et 
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al., 2017) and simultaneously suppress sympathetic activity (Clancy et al., 2014). However, this 

positive effect of tVNS on CVA could not be shown in other studies (Burger et al., 2017; Burger, 

Does, Thayer, Brosschot, & Verkuil, 2019; Burger et al., 2016). Furthermore, two studies have 

shown that CVA can increase during both active and sham stimulation (Borges et al., 2019, 

2020). These contradictory results might, similarly to the fMRI studies, be explained by the use 

of different stimulation parameters, including the use of different auricular areas. 

In summary, previous studies showed that tVNS can affect cognitive processes such as 

PES, whereas results for pupil sizes and CVA are still inconsistent. Importantly, these studies 

stimulated different areas of the ear, with this possibly leading to heterogeneous results. Inspired 

by the debate on the best ear target for tVNS, the present study goes beyond existing research on 

tVNS and addresses the main stimulation areas of the ear currently used in the state of the art. 

For the first time, tragus, cymba conchae, and earlobe (as a sham stimulation) are compared to 

one another by taking cognitive as well as neurophysiological effects into account. To investigate 

the cognitive effects of tVNS, we chose PES, which has already been shown to be influenced by 

tVNS with medium to large effect sizes (Sellaro et al., 2014). On the neurophysiological level, 

we measured pupil dilation as an index of norepinephrine activity involved in PES. Furthermore, 

we used vmHRV to measure CVA, which allows for addressing the current inconsistency in HRV 

measurements related to tVNS. These results might contribute to the efforts in optimizing the 

tVNS signal in order to further improve its effects on cognitive and autonomic regulation. 

The objective of the present work is to investigate whether stimulating different auricular 

areas, namely cymba conchae and tragus, affects PES on the behavioral level, and pupillary 

responses as well as CVA on the neurophysiological level compared to sham condition (earlobe 

stimulation). Given that the cymba conchae might be more strongly innervated by the ABVN 
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than the tragus (Peuker & Filler, 2002) and based on findings of a previous fMRI study 

(Yakunina & Kim, 2017), we expected that cymba conchae stimulation, when compared to tragus 

and sham stimulation, provokes higher PES (H1a), higher pupil dilation after committing an error 

(H2a), and higher cardiac vagal activity (H3a). Furthermore, we hypothesized that tragus 

stimulation, when compared to sham stimulation, provokes higher PES (H1b), higher pupil 

dilation after committing an error (H2b), and higher CVA (H3b). 

7.2 Method 

7.2.1 Participants. 

As it is not possible to run power analyses for multi-factorial repeated-measures designs with 

G*Power 3.1 (Faul et al., 2007), we followed the same procedure found in previous studies with 

similar design (Liepelt et al., 2019). Accordingly, we matched the average number of participants 

in interventional studies using tVNS and invasive VNS that investigated a) PES (Sellaro et al., 

2014), b) pupillary responses (Desbeaumes Jodoin et al., 2015; Keute et al., 2019; Warren et al., 

2019), and c) vmHRV parameters (Borges et al., 2019; Bretherton et al., 2019; Burger et al., 

2019, 2017, 2016; De Couck et al., 2017). Forty-two participants were calculated to find effects 

on these dependent variables. We recruited 49 participants, but due to technical problems with 

electrocardiogram (ECG) signals of five participants and two dropouts, 42 participants (24 

females, Mage = 23.2 years, SD = 3.1) were included in the analysis. 

The sample consisted of healthy sport science students at the local university. Participants 

were eligible if they were free of cardiovascular, neurological diseases or major mental 

conditions, not using a pacemaker or piercings, did not need glasses, and were not pregnant at 

the time of the experiment. They were asked not to smoke, exercise, or consume food, alcohol, or 

caffeine for at least 2 h before participation. These potentially confounding variables as well as 
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tVNS safety-related questions were assessed by means of an adapted version of the 

demographics questionnaire for HRV psychophysiological experiments (Laborde et al., 2017). 

All participants gave written informed consent prior to the experiment. The study was approved 

by the local ethical committee (ethics approval number 041/2019). 

7.2.2 Transcutaneous vagus nerve stimulation. 

For anatomical reasons, two tVNS devices with different electrodes but with identical 

stimulation parameters were used to compare the three different auricular parts (Figure 1). To 

stimulate the cymba conchae, we employed the NEMOS tVNS device (Cerbomed, Erlangen, 

Germany) with modified duty cycle in order for it to perform continuous stimulation. Two 

electrodes located in a structure similar to an earphone were placed along the skin surface of the 

cymba conchae. For stimulation at the tragus, the ParaSym tVNS device (ParaSym, London, 

UK), was used. An ear clip with two electrodes was attached to the tragus, enabling the electrical 

current to pass through this area. In order to have a control condition, a sham stimulation was 

used, which had the same characteristics as normal tVNS, but instead of the electrodes being 

attached to the ABVN, they were attached to the left earlobe. The earlobe is thought to be free of 

vagal innervation (Peuker & Filler, 2002). The ear clip electrode was chosen for the sham 

condition as it is easier to attach to the earlobe compared to the NEMOS device. As shown in a 

pilot testing, the ear clip enabled a stable attachment at the earlobe, whereas the earlobe 

stimulation with NEMOS as proposed by van Leusden, Sellaro, & Colzato (2015) fell off easily 

and repeatedly. Both constant current devices delivered an electrical current with a pulse width 

of 200–300 μs at 25 Hz. The stimulation intensity was determined by the participants themselves 

based on the method used by De Couck and colleagues (2017). According to this protocol, the 

stimulation intensity is determined by taking the mean of the individually detectable stimulation 
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and the personal uncomfortable stimulation intensity. The intensity was determined for each 

session. The average chosen stimulation intensity in the tragus condition was M = 2.18 mA 

(SD = 0.69), M = 0.94 mA (SD = 0.57) in the cymba conchae condition and M = 2.19 mA (SD = 

0.71) in the sham condition. These stimulation intensities differed significantly from each other, 

F(2, 82) = 82.743, p < .001, ηp² = .669. Post-hoc t-tests (Bonferroni-corrected p = .017) revealed 

that the intensity chosen during the cymba conchae stimulation was significantly lower than the 

one chosen during tragus stimulation, t(41) = 10.389, p < .001, d = 1.603, and during sham 

stimulation, t(41) = 10.494, p < .001, d = 1.619.  

 

Figure 14. Placement of the electrodes on the ear. A. tragus stimulation; B. cymba conchae 

stimulation; C. earlobe stimulation 

Aligned with several studies using tVNS (e.g. Kreuzer et al., 2012; Sellaro et al., 2014; 

Yakunina & Kim, 2016), we performed electrode placement on the left side of the ear in order to 

control for cardiac side effects. This is because fibers originating from the left vagus nerve 

supply the atrioventricular node, causing decremental conduction, and those from the right vagus 
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nerve innervate the sinoatrial node, which is able to reduce depolarization rates and produce 

bradycardia (Krahl, 2012).  

7.2.3 Post-error slowing. 

In order to conceptually replicate Sellaro and colleagues’ findings (2014) regarding PES, 

participants performed a modified version of the Flanker task (Eriksen & Eriksen, 1974), adapted 

from Brink, Wynn and Nieuwenhuis (2014). In each trial, participants were presented with a 

target stimulus (“H”, ”K”, ”C”, or ”S”) flanked on each side by four additional letters which 

differed from the target stimuli but belonged to the same set of letters (e.g., HHHHCHHHH). 

Participants were asked to concentrate only on the middle letter (target stimulus) and ignore the 

other letters. Each target stimulus required a different response on the keyboard keys (“1” and 

“2” on left hand and “7” and “8” on right hand). To ensure a sufficient high error rate, the task 

had a total of 1,040 trials and target stimuli were always incongruent with the flanker letters. 

Further, target stimuli also differed from the flanker letters concerning the hand required to 

respond. Participants were asked to respond as fast as possible. 

Stimuli were shown in white on a grey background to reduce incidence of light, for 200 

ms. During the intertrial interval, a white fixation cross was presented. The intertrial intervals 

randomly varied between 1,000 and 1,300 ms in steps of 50 ms in order to ensure relatively short 

response stimulus intervals. After stimulus onset, participants had 1,000 ms to respond (Figure 

2). Participants first completed 120 practice trials after which they always received a feedback 

with the message “correct” or “wrong” in green and red, respectively. The experimental task 

included 10 blocks of 104 trials each. Each block lasted 4 min. After each block, participants 

could take a break of approx. 30 s, were given reaction time (RT) and accuracy feedback and 

were pressed for speed. The experimental task took approx. 40 min. We used a 24-in. flat-screen 
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monitor (1,920 x 1,080 pixels at 60 Hz) to present the task and ran it with PsychoPy3 (Peirce et 

al., 2019). 

 

Figure 15. Trial structure in the cognitive task and pupil measurements. 

Similar to Sellaro and colleagues (2014), PES was analyzed according to a method 

described in Dutilh and colleagues (2012). This method considers only errors that are preceded 

and followed by at least one correct trial. In order to calculate PES for each triplet (correct-

wrong-correct), a pairwise comparison of the two correct trails was computed (RTpost-error – RTpre-

error). Mean PES for each participant was computed by averaging all single PES values. This 

method controls for global fluctuations over the task (Dutilh et al., 2012). In addition to mean 

PES, mean correct RT, error rates, and post-error change in accuracy (percentage of correct 

answers in post-error trials – percentage of correct answers in post-correct trials) were included 

in our analysis (Sellaro et al., 2014).  

7.2.4 Pupillary responses. 

Pupil diameter was measured with participants comfortably sitting in an adjustable chair in a 

well-lit room with lowered window shades, with their head lying on a desk-mounted chinrest at a 

distance of 60 cm to the screen throughout the experiment. Pupil responses of the right eye were 

measured with the SMI Eye Tracking Glasses® (SensoMotoric Instruments GmbH, Germany). 

This device has a sampling rate of 60 Hz, a 1,280 x 960-pixel resolution scene camera, and 
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operates with an infrared light and a video camera. The eye tracker was calibrated using the 

three-point method. SMI’s proprietary software, BeGaze 3.2, was used to export pupil diameter 

in millimeters. Following recommendations of Mathôt, Fabius, Heusden, and Stigchel (2018), 

blinks and missing data were dealt using smoothing and cubic-spline interpolation, and 

subtractive baseline correction was preferred in order to minimize distortion of pupil-size data. 

After preprocessing the pupillary data, five participants had to be excluded from the pupil 

analysis due to the high amount of missing data (> 30% of the total dataset). Pupil sizes were 

then averaged according to the response given trial-by-trial (error or correct response). 

We analyzed pupil baseline and pupil dilation separately. Pupil baseline consists in the 

averaged pupil diameter during the last 200 ms of the pre-trial period and was calculated to 

check whether the pupil sizes showed differences between the groups shortly before the stimulus 

onset. For the period after stimulus onset (pupil dilation period), the baseline-corrected pupillary 

change was calculated by considering the time window of 1,200 ms between stimulus onset and 

the next fixation cross on a trial-by-trial basis (Figure 2). This approach is recommended by 

pupillometry literature because baseline correction takes into account random fluctuations in 

pupil size over time, thus improving statistical power (Mathôt et al., 2018). All preprocessing 

steps were performed using RStudio 1.2.1335 with the package dr-JT/pupillometry5. To control 

for possible daylight fluctuations despite controlled illuminance of the room, we measured with a 

luxmeter (Voltcraft LX-10, Conrad GmbH, Germany) how much incident light illuminates the 

area at which the participant’s eyes were directed to during the experiment. This measurement 

took place four times: first within one day, by comparing during sunny weather with direct light 

                                                 

 

5 URL: https://dr-jt.github.io/pupillometry/ 
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incidence on the room and later after sunset, and second within a pilot session, by comparing the 

response phase (only a grey background) with the stimulus phase (stimulus in white with a grey 

background). In all situations, the values were identical with 255 lux or 32 footcandles, meaning 

that the illuminance could be kept constant over the data collection.  

7.2.5 Cardiac vagal activity. 

To assess CVA, we measured vmHRV parameters using the ECG device Faros 180° (Mega 

Electronics, Kuopio, Finland) with a set sampling rate of 500 Hz. This device enables users to 

measure the ECG signal as recommended by current guidelines on HRV measurement (Laborde 

et al., 2017). We placed two disposable ECG pre-gelled electrodes (Ambu L-00-S/25, Ambu 

GmbH, Bad Nauheim, Germany) on the body, the positive electrode on the right infraclavicular 

fossa and the negative one on the left anterior axillary line below the 12th rib.  

Root mean square of successive differences (RMSSD) as well as high frequency (HF) 

(0.15 Hz to 0.40 Hz band) transformed with autoregressive modeling were chosen as vmHRV 

parameters that are known to index CVA (Malik et al., 1996). From ECG recordings, we 

extracted HRV with Kubios software (University of Eastern Finland, Kuopio, Finland), visually 

inspected the full ECG recording, and manually corrected artifacts (Laborde et al., 2017). Since 

HF is only influenced by breathing when breathing cycles are between nine cycles per minute 

(0.15 Hz) and up to 24 cycles per minute (0.40 Hz) (Malik et al., 1996), four participants with a 

respiratory rate out of this range were excluded from analyses with HF. The respiratory 

frequency (the number of respiratory cycles per minute) was obtained multiplying the ECG-

derived respiration value obtained via the Kubios algorithm by 60 (Tarvainen, Niskanen, 

Lipponen, Ranta-aho, & Karjalainen, 2013) and was also separately analyzed. Because the 

measurement time windows need to be kept constant across the time measurements in order for 
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them to be comparable with each other (Malik et al., 1996), the time windows were defined 

according to the duration of the blocks of the cognitive task, i.e. 4 min. This is in accordance 

with the range suggested by recent recommendations for experiment planning with HRV in 

psychophysiological research (Laborde et al., 2017). The CVA values of the blocks were then 

averaged, resulting in a single task value. 

7.2.6 Procedure. 

We conducted a single-blind experiment with a balanced crossover within-subject design, as 

recommended by Quintana and Heathers (2014) to address the high interindividual variation and 

the complex interactions influencing CVA and pupil responses. All participants underwent all 

three stimulation conditions in a counterbalanced order to cancel out order and learning effects, 

and were randomly assigned to the different possible order sequences. To reduce carryover 

effects for tVNS and the Flanker task, the three sessions were on different days, and took place at 

approximately the same time of the day, given that time of the day may influence physiological 

processes and cognitive performance (Folkard & Rosen, 1990). There was a break of 1 min 

between the test phases to reduce possible effects after the stimulation period. Upon arrival to the 

laboratory, participants were asked to fill out an informed consent form and the demographic 

questionnaire to assess any exclusion criteria. After attaching all devices and calibrating the eye 

tracker, a 4-min resting phase took place. Subsequently, a 4-min tVNS phase (one of the three 

conditions per session) took place. In this phase, participants determined their individual 

stimulation intensity and were habituated to the stimulation. Following this, participants 

performed the cognitive task on the computer while receiving stimulation. Directly after the task 

and before the recovery phase, the stimulation stopped. The recovery phase followed the task 

phase with a final 4-min measurement. During all time periods around the task, the participants 
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were instructed to keep their gaze on a white fixation cross presented centrally against a grey 

background on the screen and not to move their head from the chinrest. Keeping the same color 

characteristics on the screen compared to during the cognitive task, the light emission from the 

screen could be kept constant. Pupil sizes and CVA were recorded throughout the testing session, 

whose protocol is depicted in Figure 3. 

7.2.7 Data analysis. 

Outliers (less than 1% of the data) were winsorized, meaning that values higher/lower than two 

standard deviations from the mean were transformed into a value of two standard deviations 

from the mean. Since the HRV as well as the Flanker task data were still not normally distributed 

afterwards, they were log-transformed to obtain a normal distribution. To check whether PES 

took place within each stimulation condition, one-sample t-test per condition has been 

performed. To analyze the effect of tVNS on cognitive data, four separate three-way repeated-

measure analyses of variance (rmANOVAs) with stimulation conditions (tragus, cymba conchae, 

and sham stimulation) were performed. The relevant cognitive measurements were PES, RT of 

the correct trials, error rates, and post-error change in accuracy. Both measurements of CVA, 

RMSSD and HF, and additionally respiratory frequency, were analyzed with three separated 3 

(stimulation: tragus, cymba conchae, and sham stimulation) x 4 (time: resting, tVNS, task and 

recovery phases) rmANOVAs. Regarding pupil measurements, the pupil baselines of the 

stimulation conditions were compared to each other in a 3 (stimulation: tragus, cymba conchae 

and sham stimulation) x 2 (response: error and correct response) rmANOVA, and the same type 

of rmANOVA was performed for baseline-corrected pupil dilation. Greenhouse–Geisser 

correction was used when sphericity was violated. In the case of a significant main or interaction 

effect, post-hoc t-tests with aggregated means were conducted using Bonferroni correction. To 
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quantify evidence for the hypotheses found and counteract bias in the rmANOVAs given possible 

lack of power in specific measurements, we ran Bayesian statistics using Bayesian information 

criteria (Wagenmakers, 2007) for all analyses. Terms used to discuss the reported Bayes factors 

are based on Wetzels and colleagues’ recommendations (2011). Accordingly, values higher than 1 

provide evidence for alternative hypotheses, whereas values lower than 1 provide evidence for 

null hypotheses. The Bayes factor can have the following meanings: anecdotal or worth no more 

than a bare mention (0.333 < B10 < 3), substantial (0.100 < B10 ≤ 0.333 or 3 ≤ B10 < 10), strong 

(0.033 < B10 ≤ 0.100 or 10 < B10 < 30), very strong (0.010 < B10 ≤ 0.033 or 30 ≤ B10 < 100), and 

decisive (B10 ≤ 0.010 or B10 ≥ 100) evidence. To control for learning effects on the cognitive task 

parameters, which potentially arose due to repeating the same task across the three testing days, 

we tested the order effect. We sorted the measures according to the testing day (i.e., first, second, 

and third day) and ran four separated one-way rmANOVAs, one for each task parameter, with 

stimulation as a factor. In case learning effects on task performance were found, we performed an 

additional analysis to check whether the absence of learning effects in a subsample would lead to 

differences in performance regarding the stimulation conditions, thus having a more comparable 

statistical analysis to what has been reported by Sellaro and colleagues (2014). For these cases, 

we ran separated one-way ANOVAs with the stimulation conditions that have been applied only 

on Day 1 as a factor. We used RStudio 1.2.1335 to prepare the data and JASP 0.11.1 to analyze 

it. Significance level was α = .05. 

7.3 Results 

7.3.1 Effects of tVNS on cognitive measurements. 

Descriptive statistics are presented in Table 1. Separated one-sample t-tests revealed that PES 

could be found in cymba conchae condition, t(41) = 3.970, p < .001, d = 0.613, tragus condition, 
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t(41) = 5.048, p < .001, d = 0.779, and in sham condition, t(41) = 3.088, p = .004, d = 0.476. 

There was no difference between the stimulation conditions regarding RT, F(2, 82) = 

0.031, p = .969, and error rates, F(1.724, 70.695) = 1.179, p = .308. These results were supported 

by Bayesian estimations (B10 = 0.077 for RT and B10 = 0.196 for error rates). Regarding PES, 

there was no effect of stimulation, F(2, 82) = 1.064, p = .350, with this result being supported by 

Bayes factor (B10 = 0.190). Post-error change in accuracy showed no differences between 

stimulation conditions neither, F(2, 82) = 1.565, p = .215, with Bayes factor supporting this 

result (B10 = 0.333). 

7.3.2 Effects of tVNS on pupillary responses. 

Descriptive statistics for effects of ear areas on pupil sizes are presented in Table 1 and depicted 

in Figure 4. Pupil baselines did not differ significantly between stimulation conditions, F(2, 58) 

= 0.722, p = .467, with Bayesian statistics supporting this evidence (B10 = 0.275). There was no 

difference regarding the trial-to-trial responses, F(1, 29) = 4.036, p = .054, with Bayesian 

estimation supporting this result (B10 = 0.210). There was no interaction effect between 

stimulation and response, F(2, 66) = 0.185, p = .831, which was confirmed by Bayesian statistics 

(B10 = 0.090).  

 
Figure 16. Experimental overview. ECG = electrocardiogram; tVNS = transcutaneous vagus 

nerve stimulation 
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Figure 17. Pupil measurements, averaged according to response accuracy and stimulation 

condition. A. Pupil baseline 1,000 ms before stimulus onset until stimulus onset; B. baseline-

corrected pupil dilation after stimulus onset at time zero 
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Table 13.  

 

Means (standard deviations) for all task and physiological measurements. 

  Tragus Cymba Conchae Sham 

Flanker task     

 RT 641.36 (72.10) 640.14 (67.78) 639.66 (84.66) 

 Error rates 5.21  (3.39) 5.09 (2.53) 4.62 (2.58) 

 Post-error slowing 15.41 (32.34) 23.83 (38.89) 23.58 (30.27) 

 Post-error change –1.85 (6.72) –3.85 (7.21) –1.59 (4.85) 

Pupil sizes     

Baseline Correct response 3.78 (0.48) 3.85 (0.50) 3.81 (0.47) 

    Error 3.75 (0.45) 3.83 (0.50) 3.79 (0.49) 

Dilation Correct response 0.15 (0.08) 0.15 (0.10) 0.14 (0.09) 

 Error 0.23 (0.14) 0.22 (0.14) 0.23 (0.14) 

Cardiac vagal activity    

RMSSD Resting 43.81 (23.67) 45.59 (22.98) 44.23 (24.96) 

 tVNS 47.77 (23.76) 50.49 (25.08) 47.29 (25.49) 

 Flanker 46.71 (20.62) 48.35 (20.58) 47.28 (20.74) 

 Recovery 52.61 (24.28) 55.63 (23.20) 56.35 (26.88) 

HF Resting 861.83 (931.19) 922.22 (1,042.2) 895.34 (1,092.58) 

 tVNS  997.36 (1,107.70) 1,114.87 (1,300.28) 887.65 (846.46) 

 Flanker 816.78 (743.70) 837.63 (691.67) 775.51 (616.86) 

 Recovery 
1,167.18 (1,077.03) 1,208.18 (1,015.39) 

1,431.78 

(1,383.19) 

Respiratory 

frequency  

Resting 14.52 (2.41) 14.67 (2.53) 14.23 (2.86) 

tVNS 14.23 (2.13) 14.09 (2.12) 14.30 (2.33) 

 Flanker 14.39 (2.59) 14.76 (2.58) 15.00 (2.58) 

 Recovery 13.35 (2.74) 13.41 (2.47) 13.15 (2.27) 

Note. RT = reaction time; RMSSD = root mean square of successive differences; tVNS = transcutaneous 

vagus nerve stimulation; HF = high frequency 
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Regarding pupil dilation, there was no main effect of stimulation, F(2, 58) = 

0.004, p = .996, which was supported by Bayesian statistics (B10 = 0.056). There was a main 

effect of response, F(1, 29) = 35.214, p < .001, ηp² = .548, with post-hoc analyses (no Bonferroni 

correction needed) showing that pupil dilation during error (M = 0.22 mm, SD = 0.13) was 

significantly higher than the pupil dilation during correct responses (M = 0.15 mm, SD = 0.08), 

t(37) = 5.877, p < .001, d = 0.953. Bayesian estimation supported this main effect (B10 = 

1.557e+8). No interaction effect could be found, F(2, 58) = 0.078, p = .925, with Bayesian factor 

supporting this lack of effect (B10 = 1.070e-4). 

7.3.3 Effects of tVNS on cardiac vagal activity. 

Descriptive statistics for effects of auricular areas on CVA are presented in Table 1. Regarding 

RMSSD, there was no main effect of stimulation, F(2, 82) = 0.953, p = .390. There was an effect 

of time, F(1.974, 80.945) = 17.628, p < .001, ηp² = .301. Post-hoc analyses (Bonferroni-corrected 

p = .008) pointed out a significant increase from resting RMSSD (M = 44.55 ms, SD = 21.86) to 

tVNS RMSSD (M = 48.52 ms, SD = 22.28), t(41) = 4.632, p < .001, d = 0.715, and from task 

RMSSD (M = 47.45 ms, SD = 19.05) to recovery RMSSD (M = 54.86 ms, SD = 22.34), t(41) = 

4.823, p < .001, d = 0.744. Moreover, recovery RMSSD was significantly higher than resting 

RMSSD, t(41) = 5.766, p < .001, d = 0.890, and tVNS RMSSD, t(41) = 4.206, p < .001, d = 

0.649. There was no interaction effect of stimulation with time, F(4.250, 174.261) = 

0.795, p = .537 (Figure 5A). Bayesian statistics gave support for the main effects in the 

rmANOVA (B10 = 0.268 for main effect of stimulation, B10 = 5.006e+7 for effect of time), but not 

for the lack of interaction (B10 = 6.378).  
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Figure 18. Mean scores of heart rate variability parameters and respiration over time with 

confidence interval as error bars. A. root mean square of successive differences (RMSSD); B. 

high frequency (HF); C. respiratory frequency 

HF controlled for respiration showed the same pattern: There was no main effect of 

stimulation, F(2, 74) = 0.803, p = .452, but of time, F(2.150, 79.536) = 16.636, p < .001, ηp² 

= .310. Post-hoc analyses (Bonferroni-corrected p = .008) showed a significant increase from 

resting HF (M = 893.13 ms², SD = 946.63) to tVNS HF (M = 999.96 ms², SD = 971.98), t(37) = 

4.060, p < .001, d = 0.659. There was a significant increase from task HF (M = 809.98 ms², SD = 

627.64) to recovery HF (M = 1,269.05 ms², SD = 1,078.99), t(37) = 6.068, p < .001, d = 0.984. 

Moreover, recovery HF was significantly higher than resting HF, t(37) = 5.727, p < .001, d = 

0.929, and tVNS HF, t(37) = 3.805, p < .001, d = 0.617. There was no interaction effect of 

stimulation with time, F(4.241, 156.907) = 1.262, p = .286 (Figure 5B). Bayesian estimations 



Article III                146 

 

 

supported these results (B10 = 0.153 for stimulation, B10 = 2.032e+8 for time, and B10 = 0.011 for 

interaction).  

Regarding respiratory frequency, there was also no effect of stimulation, F(1.526, 62.575) 

= 0.117, p = .836, but of time, F(2.228, 91.355) = 13.036, p < .001, ηp² = .241. Post-hoc analyses 

(Bonferroni-corrected p = .008) showed a decrease of respiratory frequency from task (M = 

14.72 times per minute, SD = 2.31) to recovery phase (M = 13.31 times per minute, SD = 2.09), 

t(41) = 6.396, p < .001, d = 0.987. Furthermore, respiratory frequency was reduced in the 

recovery phase compared to the resting (M = 14.47 times per minute, SD = 2.34), t(41) = 4.504, 

p < .001, d = 0.695, and the tVNS phase (M = 14.21 times per minute, SD = 1.88), t(41) = 4.132, 

p < .001, d = 0.638. There was no interaction effect of stimulation with time, F(6, 246) = 

1.678, p = .127 (Figure 5C). Bayesian factor supported these results (B10 = 0.027 for stimulation, 

B10 = 2.182e+8 for time, and B10 = 0.027 for interaction). 

7.3.4 Learning effects analyses. 

To investigate whether there was a learning effect for the cognitive task, four separated 

rmANOVAs were performed. We checked whether the testing days, when arranged 

chronologically, differed from one another regarding RT, error rates, PES and post-error 

accuracy, respectively. There was a difference between the days regarding RT, F(2, 82) = 

38.905, p < .001, ηp² = .487 (Figure 6A). Post-hoc analyses (Bonferroni-corrected p = .017) 

revealed that RT on Day 1 (M = 666.45 ms, SD = 74.18) was significantly higher than on Day 2 

(M = 628.92 ms, SD = 75.34), t(41) = 7.354, p < .001, d = 1.135, and Day 3 (M = 626.12 ms, SD 

= 72.60), t(41) = 7.320, p < .001, d = 1.129. There were no differences between the three testing 

days regarding error rates, F(2, 82) = 2.523, p = .086. Regarding PES, there was a significant 

difference between the days, F(2, 82) = 4.052, p = .021, ηp² = .090 (Figure 6C). Post-hoc 
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analyses (Bonferroni-corrected p = .017) showed that PES on Day 1 (M = 29.76 ms, SD = 35.34) 

was significantly higher than on Day 3 (M = 11.83 ms, SD = 31.16), t(41) = 2.493, p = .016, d = 

0.338. 

  

Figure 19. Learning effects on task performance with confidence interval as error bars. A. Reaction 

time over the three testing days; B. Reaction time of the three stimulation conditions when they 

took place on Day 1; C. Post-error slowing over the three testing days. *p < .05; ***p < .001 

Because learning effects were found for RT and PES, we ran two separated one-way 

ANOVAs with the stimulation conditions that have been applied only on Day 1 as a factor and 

RT and PES and dependent variables. Only RT showed a significant difference regarding 

stimulation condition on Session Day 1, F(2, 39) = 3.829, p = .030, ηp² = .164 (Figure 6B). Post-

hoc analyses (Bonferroni-corrected p = .017) were performed using Welch’s t-tests, as the equal 

variation assumption was violated (Levene’s test was significant with p < .05). The tests revealed 

that participants who received cymba conchae stimulation on Day 1 showed lower RT (M = 

634.96, SD = 39.44) than participants who received earlobe stimulation on Day 1 (M = 704.23, 

SD = 96.04), t(18.591) = 2.584, p = .015, d = 0.944. Regarding PES, there was no difference 

between the different stimulation areas when they took place on Day 1, F(2, 39) = 0.455, p 

= .638, ηp² = .023. 
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To further investigate the learning effects found for RT and PES, we ran one-way 

ANOVAs for each stimulation condition over the three testing days arranged chronologically 

(Figure 20). Regarding RT, no effect of day was found in the tragus condition, F(2, 39) = 1.428, 

p = .252, but in the cymba conchae condition, F(2, 39) = 3.348, p = .046, ηp² = .147. Post-hoc t-

tests (Bonferroni-corrected p = .017) revealed that RT during cymba conchae stimulation was 

significantly lower when this condition took place on Day 1 (M = 592.48, SD = 42.35) compared 

to Day 3 (M = 658.78, SD = 56.38), t(28) = 3.641, p = .001, d = 1.330. Furthermore, there was an 

effect of testing days on sham condition, F(2, 39) = 4.882, p = .013, ηp² = .200. Post-hoc t-tests 

(Bonferroni-corrected p = .017) revealed that RT during cymba conchae stimulation was 

significantly higher when this stimulation condition took place on Day 1 (M = 704.23, SD = 

96.04) compared to Day 3 (M = 622.02, SD = 39.35), t(25) = 2.776, p = .010, d = 1.075. 

7.4 Discussion  

The aim of this study was to compare the effects of tVNS on cognitive and neurophysiological 

regulation when applied at different areas of the ear, namely tragus, cymba conchae and earlobe 

(sham). We expected cymba conchae stimulation to evoke the highest PES (H1a), followed by 

tragus stimulation (H1b). None of the stimulation areas showed significant differences regarding 

PES, thus neither of the H1-hypotheses could be confirmed. We also hypothesized that cymba 

conchae stimulation would lead to increased pupil dilation as a consequence of error 

commitment (H2a), followed by tragus stimulation (H2b), which would indicate an increased 

norepinephrine release. Pupil dilation was indeed higher during errors than during correct 

responses, but this increase was not different between the stimulation conditions. Thus, neither of 

the H2-hypotheses could be confirmed. Finally, vmHRV parameters as indices of CVA were 



Article III                149 

 

 

expected to increase during cymba conchae stimulation (H3a), followed by tragus stimulation (H-

3b). As stated by the neurovisceral integration model (Thayer et al., 2009), this would indicate 

that the neural pathways involved in PES (Ridderinkhof, 2002) have been optimized. Both 

RMSSD and HF increased during tVNS compared to resting, with them being at highest after 

finalizing the task (recovery phase). However, similar to pupillary responses during error 

commitment, there was no difference between the stimulation areas. Consequently, neither of the 

H3-hypotheses could be confirmed. 

 

Figure 20. Learning effects on task performance with confidence interval as error bars. 

A. Reaction time over the three testing days per stimulation condition; B. Post-error slowing 

over the three testing days per stimulation condition. *p < .05; **p < .01 

Taken together, the core neurological basis for PES could be observed, since there was an 

increased norepinephrine release after committing an error, but differences regarding PES per se 

due to tVNS could not be found. Similar results were found in a recent study investigating the 

effect of tVNS on pupillary responses and on attentional blink: Pupil increased after stimulus 
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onset, but there was no effect of cymba conchae stimulation compared to earlobe stimulation 

(Burger et al., 2020). In the present study, at the same time that this index of sympathetic activity 

(Mathôt, 2018) increased, the same pattern was found in CVA, an index of parasympathetic 

activity (Malik et al., 1996). It has been shown that pupillary light reflex and CVA do not 

generally correlate with each other (Daluwatte et al., 2012). That means, one autonomic process 

does not necessarily exclude the other, rather both represent different aspects of autonomic 

activity. In the opposite direction, it has already been shown that CVA can predict decreased 

pupil size while viewing positive emotional stimuli (Macatee et al., 2017). Therefore, both 

pupillary responses and CVA seem to present context-dependent adjustments. This is in line with 

the extended neurovisceral integration model (Smith et al., 2017), which states that attention 

provides a direct means of adjusting the strength of the functional interactions between 

structurally connected regions in a context-specific manner. In the case of the present study, the 

need to reduce errors in the task, which involves attention, might have led to the predicted need 

for visceral-motor adjustments to support expected behavioral demands (Smith et al., 2017). 

Such context-specific adjustment might have led both pupil and CVA to concomitantly activate. 

Regarding CVA, previous studies from our research group (Borges et al., 2019, 2020) 

have also found an increase of CVA from resting to tVNS phase for both active and sham 

stimulation conditions. However, in contrast to the present study with only one resting phase, one 

tVNS phase, one task phase, and one recovery phase measurement per session, these previous 

studies grouped different measurement blocks within one single session. Consequently, CVA was 

measured in these studies at least in two resting and single tVNS phases within one session. Yet, 

despite a slight increase from one resting measurement to the other, there was no linear increase 

of CVA across the measurement blocks (Borges et al., 2019, 2020). Instead, in one study 
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RMSSD increased from resting to tVNS phase for both active and sham stimulation (Borges et 

al., 2019), and the same pattern was observed in the other study for HF within blocks with 

cognitive flexibility tasks (Borges et al., 2020). Thus, taking together the evidence found in 

previous studies with the findings reported here, tVNS might increase CVA regardless of 

stimulation area. At the same time, it is possible that other confounders, instead of tVNS, have 

influenced—or were even responsible for—this increase during the tVNS phase. The present 

study does not provide a clear evidence that tVNS, regardless of stimulation area, positively 

influenced CVA. It cannot be ruled out that CVA increased because of relaxation that occurred 

while performing a monotonous task for 40 minutes. Moreover, the overall respiratory frequency 

decreased during tVNS and after the task phase. Since respiration can have a high impact on 

CVA (Brown et al., 1993; Houtveen et al., 2002), it is possible that CVA increased not due to 

tVNS, but to a change in respiration that either was caused by the task or was a result of the 

possible relaxation that occurred during the task. Thus, it is recommended that future studies 

measurement the level of the relaxation during or after the task, and use further strategies to 

control for respiration, for instance taking into account the moderating role of respiration in the 

statistical analyses. 

Among all measurements presented here, only the task-related measurements were the 

ones for which no effects could be found. Interestingly, this is also the only variable for which no 

time component was considered in the analyses. Thus, it is possible that tVNS had effects on the 

neurophysiological measurements that were independent of the stimulation area, and that this 

effect could only be found because of the comparison between before and after a relevant event, 

which was not possible for the cognitive measurements. The relevant event for pupillary 

responses might have been the stimulus response, whereas for CVA might have been the 
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beginning of the stimulation. In the present study, both of these events were expected to engage 

the brain areas whose activity is modulated by tVNS. If this possibility is true, then this would 

implicate that the effects of tVNS on PES may have been overlooked, and that the sham 

condition showed the same effects as active stimulation. This idea is supported by another study 

that also found an increase of CVA across three experiments independent of the stimulation 

condition used, including sham (Borges et al., 2019). This would also explain why some studies 

had opposite results to what was hypothesized (Colzato et al., 2017; Keute et al., 2018), since 

these studies also did not consider a time component, which would enable a time-related 

comparison. Such findings reinforce the questions about the suitability of the earlobe as a sham 

condition.  

According to Rangon (2018), the fact that the earlobe is not supplied by the vagus nerve 

does not mean that earlobe stimulation has no effect on the variables investigated. She argues 

that it is possible to activate cortical and limbic areas by using acupuncture on the anti-tragus, an 

area located just above the earlobe (Rangon, 2018). Supporting the argument against earlobe as a 

sham stimulation, it has been argued that a precise cutaneous map of the external ear is not 

practical for three reasons: a) there is a high interindividual variation regarding nerve 

distribution, b) some nerves cross-communicate with other nerve fibers along their intracranial 

course, and c) the boundaries between particular dermatomes often overlap (Butt et al., 2019). 

Although there are sparse attempts to create a sham condition independent on the earlobe, there 

is still no sham stimulation during which a) the participants cannot differentiate it from active 

stimulation, and b) no nerve is stimulated. Studies addressing this issue are essential to further 

improve tVNS. 
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The present study aimed to conceptually replicate the findings from Sellaro and 

colleagues (2014) by using a Flanker task. Aligned with that study, the present study did also not 

find improvement in task performance, represented by higher RT and less errors, via tVNS. 

However, contrary to Sellaro and colleagues (2014), we did not find a stronger PES during tVNS 

compared to sham stimulation. Importantly, the present study showed different values when 

compared to the original study (Sellaro et al., 2014): Overall, the present study reports higher RT, 

lower error rates, and lower post-error slowing than the original one. Furthermore, the standard 

deviation found in the present study is much higher than in the previous study. Our study made 

use of varying measurement and analysis approaches, which is aligned with the idea of a 

conceptual replication (Walker et al., 2017). In the following paragraphs, we briefly discuss these 

variations. 

First, we used a within-subject design whereas Sellaro and colleagues (2014) used a 

between-subjects design. Besides the advantage of having more power by using a within-subject 

design compared to a between-subjects design (Thompson & Campbell, 2004), this approach can 

lead to learning effects. Since there was a strong decrease from Day 1 to Day 2 in RT, and PES 

decreased over the three days, learning effects could indeed be observed in the present study. 

Although we counterbalanced the stimulation conditions, learning effect might have played a 

role in this considerable difference regarding results between both studies. The learning effects 

analysis showed reaction time in the cymba conchae condition to be lower on Day 1 in 

comparison to reaction time in the earlobe condition on Day 1. However, this analysis has been 

performed on very small groups, ranging from 12 to 15 participants per group. Thus, an array of 

biases can have influenced these results (Button et al., 2013). To counteract these possible biases, 
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future studies with between-subjects design and an appropriate power should further investigate 

this effect. 

Second, we defined stimulation intensity based on individual threshold levels, whereas 

Sellaro and colleagues (2014) set the stimulation intensity as 0.5 mA for all participants. In the 

present study, we adopted this method because of the lack of comparability between stimulation 

during cymba conchae and tragus stimulation regarding sensitivity. Tragus stimulation is usually 

done with a much higher amplitude when compared to cymba conchae stimulation (e.g., 

Antonino et al., 2017; Bretherton et al., 2019; Clancy et al., 2014), so that it renders difficult to 

use the same set intensity for all participants. Despite the significant differences between the 

auricular areas regarding chosen stimulation intensity, the intensities chosen by the participants 

in the three conditions are in line with previous research. This discrepancy might have 

anatomical origins, for instance because of possible different skin thicknesses between both 

auricular areas, or by the inherent difference between electrodes that are placed along the skin 

surface (for cymba conchae stimulation) vs. ear clip electrodes (for tragus stimulation).Varying 

the intensity of tVNS has been shown not to impact on CVA in healthy adults, and this may be 

valid for other outcomes of tVNS (Borges et al., 2019). However, because the effect of different 

stimulation intensities on psychophysiological measurements has so far only been tested in the 

context of cymba conchae stimulation, and using only one type of electrode (Borges et al., 2019), 

these significant differences regarding stimulation intensity might still act as a confounder. 

Moreover, the method to choose the stimulation intensity, which is based individual threshold 

levels, may have led to different sensations on the cymba conchae and on the earlobe that are 

potentially relevant for the assessed effects of tVNS. Instead of considering the mean between 

the individually detectable stimulation and the uncomfortable stimulation intensity as described 
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by De Couck and colleagues (2017), the free stimulation method as described by Borges and 

colleagues (2019) possibly provides more similar sensations of the stimulation, thus potentially 

eliciting different effects as reported in the current study. More research addressing these 

questions is necessary. 

Third, we used a different electrode placement on the earlobe for sham condition. 

Whereas Sellaro and colleagues (2014) placed two surface electrodes side by side, we used ear 

clips that allow the signal to pass through the earlobe. Possibly stimulation with ear clips allows 

a real stimulation of the nerves in the earlobe, whereas placing electrodes side by side does not. 

Alternatively, the higher possibility of signal disturbance because of the placement being side by 

side reduces the potential effect of the stimulation on the earlobe, which would explain the lower 

PES during earlobe stimulation in Sellaro and colleagues (2014). Finally, it is possible that 

different types of electrodes with different sizes produce different electrical field maps produce 

different effects. The potential effect caused by different types of electrodes should be 

investigated in future studies. 

Forth, we tested sport science students, who are possibly a population with relevant 

differences from the sample recruited by Sellaro and colleagues (2014). Concretely, possible 

differences in autonomic responses between sport students and less athletic students (Martinelli, 

2005) cannot be ruled out. These possible differences might explain in part the differences in the 

results reported in the present study and by Sellaro and colleagues (2014). A comparison between 

samples might be relevant since we found in the present study a higher tendency to slower 

responses, higher accuracy, and more varied PES compared to Sellaro and colleagues (2014). In 

the same sense, it is important to highlight that different results may be observed in different 

populations, for instance comparing patients with healthy participants, or young with older 
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participants. Furthermore, given that sex differences can influence cardiac vagal activity (Koenig 

& Thayer, 2016), it is possible that this difference in the sample influenced pupillary reaction, 

PES, and responsiveness to tVNS. Our study was better balanced regarding gender distribution, 

with 18 male participants out of 42 participants, compared to the sample reported by Sellaro and 

colleagues (2014) with only five male participants out of 40. Hence, Possibly differences in the 

gender distribution between our study and the study reported by Sellaro and colleagues (2014) 

have played a role in the different findings. Taken together, it is recommendable for future 

studies to carry out an exact replication instead of a conceptual one (Walker et al., 2017), and in a 

next step to investigate whether testing different populations leads to different results. Future 

studies in this direction might contribute to a better understanding of the heterogeneity of the 

results reported in both studies. 

7.5 Limitations 

There are limitations to our study that should be addressed. First, learning effects were observed, 

which may serve as a confounder in the results. Second, respiratory frequency was obtained via a 

dedicated algorithm from Kubios (Tarvainen et al., 2013). However, a more precise assessment 

of respiratory frequency such as a respiration belt or a pneumotachograph is recommendable 

(Quintana, Alvares, & Heathers, 2016). Third, earlobe stimulation with the Cerbomed’s tVNS 

device was not tested. Although earlobe stimulation by means of ear clip electrodes is very 

common in research with tVNS (e.g., Antonino et al., 2017; Bretherton et al., 2019; Clancy et al., 

2014), comparing both earlobe stimulations with each other would have been useful to control 

for possible effects arose due to the use of different placements. Fourth, the present study lacks a 

condition in which no stimulation is administered. Since it cannot be ruled out that the sham 

stimulation evoked a similar effect as the tragus and the cymba conchae stimulations, putting 
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electrodes on the ear with the complete absence of electrical signal might be a further step to 

investigate the mechanisms of action of tVNS. PES seems to be an adequate cognitive 

phenomenon to investigate the suitability of this kind of sham stimulation since it might be less 

conscientiously influenced when compared to task performance parameters. 

7.6 Conclusion 

The present study represents the first attempt to compare two major auricular areas that are 

targeted by tVNS regarding both cognitive and autonomic regulation. On the one hand, PES did 

not differ regarding stimulation of different auricular areas. On the other hand, error commission 

led to an increase in the sympathetic control of pupils via norepinephrine, and there was an 

undifferentiated increase in CVA which might not necessarily have been triggered by tVNS. The 

results put question marks on the effectiveness of tVNS in influencing the mechanisms 

underlying PES and on the suitability of sham as a control condition. Future studies with tVNS 

should consider using neurophysiological measurements in order to explain more concretely the 

mechanisms underlying tVNS. Finally, this study showed again how timely it is to develop new 

possibilities for sham condition as an alternative for earlobe stimulation. 
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8 General discussion 

8.1 Overview 

The aim of the present thesis was to investigate the effects of tVNS on psychophysiological 

processes, with CVA being of special importance given its capacity to reflect human adaptation 

(Thayer et al., 2009). The theoretical framework used to generate most of my hypotheses was the 

neurovisceral integration model, which describes the link between CVA and executive 

functioning by means of common neuronal circuits that underlie these processes (Thayer et al., 

2009). Based on this theoretical background, the first question I addressed was whether tVNS 

affects psychophysiological processes that are related to human adaptation, with focus on CVA. 

CVA was measured in different contexts: along with cognitive tasks that demand executive 

functioning (Article I), without any cognitive tasks (Article II), and along with a task developed 

to measure PES as well as pupillary measurements as an index of norepinephrine release (Article 

III).  

General Hypothesis 1.1 was that tVNS would positively affect CVA assessed in the three 

studies, which would mean that CVA increased by tVNS may serve as a biomarker to explain the 

mechanisms underlying higher adaptability. This hypothesis could not be supported in the 

present thesis. In Article I, CVA (HF) increased from resting to task phase only in the cognitive 

flexibility tasks, and in one of those tasks there was an additional increase between resting and 

the tVNS-only phase. Importantly, in both cognitive tasks, no difference between active and 

sham stimulation could be detected regarding HF over time. In Article II, CVA was assessed 

without being contaminated by any additional tasks. Three experiments showed that CVA 

(RMSSD and HF) increased from resting to stimulation phase. Again, this increase was 

independent of the stimulation condition, be it a varying (active) stimulation intensity or a sham 
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condition. The same pattern was observed for HF. In Article III, CVA (RMSSD and HF) 

increased from resting to tVNS-only phase, but there was no difference between tVNS-only and 

task phase. Similar to Articles I and II, in Article III RMSSD and HF showed no significant 

differences between active and sham stimulation despite an increase over time. 

General Hypothesis 1.2 was that inhibitory control, cognitive flexibility, PES, and 

norepinephrine release would increase through tVNS whenever CVA increased through tVNS. 

This hypothesis was not supported by the studies presented here. A prerequisite for the 

verification of this hypothesis was that CVA would be increased by tVNS when compared to 

sham stimulation, but such a difference could not be observed. Moreover, in Article I conflict 

effects in the four cognitive tasks could be found, but no difference between active and sham 

stimulation with regards to behavioral performance in selective attention and response inhibition 

as inhibitory control paradigms, and task-switching as a cognitive flexibility paradigm. There 

were differences between active and sham stimulation only for switch costs in the set-shifting 

paradigm, with switch costs being lower during tVNS than during sham stimulation. In Article 

III, PES could be found. However, PES was not different between active and sham stimulation. 

Similarly, pupil dilation was higher after committing an error than after giving a correct answer, 

thus pointing to increased noradrenergic activity underlying post-error adjustments. However, 

there were no differences between active and sham stimulation. 

The second research question was whether tVNS has parameter-specific effects on the 

psychophysiological processes studied here. More concretely, General Hypothesis 2 was that 

tVNS would have parameter-specific effects on psychophysiological functioning when 

manipulating stimulation intensity (Article II), and stimulation side (Article III). Empirical 

support for this hypothesis would be given if the effects of tVNS on the variables used in the 
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studies were improved through specific stimulation parametrization. General Hypothesis 2 could 

be supported in neither of the studies that addressed it. In Article II, an increase in CVA was not 

dependent on stimulation intensity (Experiment 1), on the method used to stimulate (i.e., set vs. 

free; Experiments 2 and 3), and not different from sham stimulation (Experiment 3). The same 

pattern was observed for HF. In Article III, stimulation of different auricular areas led to no 

differences in PES, in CVA, and in pupillary responses. 

Overall, the results presented here are only partially in line with previous research. 

Regarding CVA, the three studies showed this marker to increase during tVNS in both active and 

sham conditions, and this pattern has not yet been seen in previous research. A conceivable 

reason for this discrepancy regarding previous studies may be a difference of methodological 

basis, and this idea is discussed more in detail in Section 8.4. Furthermore, this pattern was 

observed for RMSSD in Articles II and III, but not in Article I. In Article I, only HF increased 

during both stimulation conditions compared to resting HF, and only for the cognitive flexibility 

tasks. RMSSD and HF usually correlate highly with each other (Kleiger et al., 2005) and indeed 

showed the same increasing patterns in Studies II and III. However, in Article I RMSSD 

increased amongst all resting measurements within one testing session, suggesting a carry-over 

effect, whereas HF did not show any carry-over effects (Supplementary Material). Article II 

reported weaker carry-over effects for RMSSD, and only from the second resting measurement. 

Hence, carry-over effects on RMSSD could possibly explain this difference between RMSSD 

and HF in Article I only. Future studies should limit themselves to three CVA condition blocks 

(one block being in the sense of the blocks depicted in Figure 16b) within one session in order to 

avoid carry-over effects that may emerge from four measurement blocks, which makes the 

interpretation of the data more difficult. 
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For the first time, the effects of tVNS on inhibitory control and cognitive flexibility were 

investigated within the same study, yet only one specific task out of four was affected by tVNS. 

The lack of effects on inhibitory control and this divergence from previous studies have already 

been discussed in Chapter 5. In contrast to inhibitory control, there has not been any comparable 

research on cognitive flexibility using tVNS yet. Cognitive flexibility requires and builds on two 

other core executive functions, namely inhibitory control and working memory. To switch 

between tasks or sets, we need to inhibit our previous perspective and load a different one into 

working memory (Diamond, 2013). Following this idea, Article I tested cognitive flexibility 

paradigms that are thought to require both inhibitory control and working memory as described 

by Diamond (2013), and found a positive effect of tVNS on one of them. Although initially not 

being a task thought to measure cognitive flexibility, Beste and colleagues (2016) also found that 

tVNS only improved inhibitory control (response inhibition) when working memory is needed to 

control it. Taking both findings together, it can be said that performance in a task used to measure 

inhibitory control might only be affected by tVNS when this task demands working memory 

more strongly than tasks that are supposed to minimize further cognitive processes. Future 

research should address this research question by applying tVNS and systematically 

manipulating working memory workload in a task that mainly requires inhibitory control. 

Like cognitive flexibility, PES also relies partly on inhibitory control, the difference being 

that inhibitory control serves the response adjustment when an error is committed instead of 

serving the switching between tasks and sets (Ridderinkhof, 2002). However, and diverging from 

a previous study on PES and tVNS (Sellaro et al., 2014), Article III did not find any effects. This 

lack of replication was discussed in Chapter 6. Future studies should further investigate the 
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relationship between tVNS and PES either by aiming at an exact replication (Walker et al., 2017) 

or systematically manipulating set-ups in which PES might or might not be influenced by tVNS. 

Regarding pupil dilation, the lack of difference between active and sham stimulation is in 

line with the previously published studies that failed to find effects of tVNS on pupillary 

responses (Burger et al., 2020; Keute, Demirezen, et al., 2019; Warren et al., 2019). It is 

noteworthy that pupil sizes increased after committing an error, thus pointing to an increased 

noradrenergic activity during error commission and hence leading to the conclusion that the task 

used to evoke PES also evoked this norepinephrine increase. The evidence provided in Article III 

supports the idea that pupillary response may not be a reliable biomarker for testing the effects of 

tVNS on norepinephrine release. 

Finally, regarding stimulation parameters the findings from this thesis are not in line with 

previous research. Stimulation intensity for tVNS was addressed for the first time and thoroughly 

discussed in Article II, for this reason it will not be further discussed here. Auricular area for 

tVNS has been investigated before in an fMRI study, and both cymba conchae and tragus 

activated the nucleus tractus solitarius and locus coeruleus compared to earlobe stimulation. 

However, only cymba conchae produced a significantly stronger activation in these areas than 

sham stimulation did (Yakunina & Kim, 2017). The lack of differences regarding stimulation on 

cymba conchae, tragus and earlobe in Article III raises new questions, which are addressed in 

Section 8.4. 

Taken together, I conclude that the evidence provided by the present thesis supports the 

idea that tVNS affects highly specific psychophysiological processes that are related to human 

adaptation, namely set shifting as an aspect of executive functions. At the same time, compared 

to sham, none of the biomarkers used were differently affected by tVNS. Furthermore, tVNS 
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showed no parameter-specific effects on the dependent variables studied in the present thesis. 

The findings reported from the three articles contradict the premises from the neurovisceral 

integration model (Thayer et al., 2009), because no integration between executive and cardiac 

vagal control could be found. Finally, the findings presented here revealed the importance of 

taking different phasic measurements of biomarkers into account. 

In the following section, I discuss the limitations of the present thesis that might delimit 

the subsequent implications derived from the findings discussed here. 

8.2 General limitations 

This thesis has several limitations that future research should consider addressing. First, despite 

the efforts to maintain a standardized use of tVNS across all three studies, this was not possible 

for all parameters. Most of the stimulation parameters, as long as they were not meant to be 

manipulated, were the same. In Articles I and II we adopted the common parametrization 

reported in literature, and in Article II we only changed one parameter (stimulation intensity) 

when the goal was to manipulate said parameter. In Article III, we had to use a constant current 

instead of a duty cycle of 30 s ON and 30 s OFF, since we used two different devices, and one of 

them did not allow for changing the duty cycle. Furthermore, the blocks in which CVA was 

measured and tVNS was applied were not the same across all studies. Articles I and III reported 

measurements of 4 min (resting, build-up period, and task), whereas Article III additionally had 

recovery measurements, and Article II had 5-min periods. Therefore, for the sake of 

comparability between studies, it is imperative for researchers who work with tVNS to try to 

keep stimulation parameters across the studies constant, and to report the stimulation parameters 

used, highlighting changes that have been made. When a study aims to test stimulation 
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parameters, the rationale for choosing a determining parameter’s variation must be explained 

clearly. 

Second, the variability of cognitive paradigms used in the three studies, at the same time 

that it can be seen as a strength of this thesis, might also represent a limitation. The aim was to 

investigate the effects of tVNS on CVA in different contexts. However, this variability prevents 

me from drawing more concrete conclusions about the stimulation parameters that have been 

tested. Stimulation intensity, for instance, was tested in Article II without any cognitive demand, 

whereas stimulation area was tested in Article III in combination with a time-demanding 

cognitive task to measure PES. Furthermore, instead of using the modified Flanker task in Article 

III, it would also have been possible to repeat the set-shifting paradigm that had shown to be 

influenced by tVNS in Article I. However, I argue that this would allow for addressing different 

questions that are beyond the scope of the present thesis, and might thus be a good approach for 

future studies when it comes to systematically addressing stimulation parameters. 

Third, the studies within the present thesis that investigated parametric effects of tVNS do 

not constitute an integrative attempt to manipulate all stimulation parameters. For instance, 

stimulation intensity was not manipulated in combination with stimulation areas, by testing all 

possible combinations. Doing so would lead to a multidimensional challenge because all eight 

parameters described in Table 1 allow for a minimum of two possible variations (in reality many 

more), which would result in at least 256 possible parameter combinations. Future research 

should reflect on possible solutions for investigating stimulation parameters in an integrative 

way. 

Fourth, the present thesis did not address possible differences between responders and 

non-responders. Without being very concrete, Colzato (2017) calls for future cognitive 
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enhancement studies to use more mechanistic theories that try to understand and explain 

individual differences to guide the development of successful cognitive enhancing programs. 

Such an approach may help to explain why some individuals are more strongly affected by tVNS 

whereas others do not show any reaction at all (Bauer et al., 2016; Kreuzer et al., 2014). 

Furthermore, an anatomical study of the ABVN showed that the number of axons—including 

myelinated axons—as well as their diameters in the ABVN vary widely between individuals 

(Safi et al., 2016). Two studies from the same group (Bretherton et al., 2019; Clancy et al., 2014) 

identified differences regarding baseline measurement of HRV parameters between responders 

and non-responders, with responders presenting a lower LF/HF ratio before tVNS application in 

comparison to non-responders. This result is interpreted in both studies as a shift in autonomic 

balance towards parasympathetic dominance (Bretherton et al., 2019; Clancy et al., 2014). 

However, as discussed in Chapter 5 (Article I), this HRV parameter used for these analyses is not 

acknowledged as a reliable measurement of CVA. Nonetheless, these first attempts show that 

investigating the difference between responders and non-responders may be a promising path to 

investigate in more detail. 

Fifth, as described in Section 2.2, the putative working mechanisms underlying tVNS 

involve both bottom-up and top-down mechanisms, but only the physiological outputs of top-

down processing were examined. As explained in Chapter 2.2, afferent vagal fibers are expected 

to be triggered by tVNS, reaching the brain, which would be responsible for top-down control of 

peripheral nervous system outputs like CVA and pupillary reaction. Because I did not use brain-

imaging techniques in the present doctoral thesis, such as fMRI and fNIRS, I am not able to draw 

direct conclusions about whether tVNS triggered the areas described by the neurovisceral 

integration model, which would allow for a more concrete interpretation of the results. 
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Sixth, we ran rmANOVAs for the main statistical analyses in our studies, but there are 

other good alternatives that should be considered. Generalized linear mixed model analysis 

permits a more tailored analysis compared to rmANOVA since it enables a better fit to the actual 

data, thus increasing statistical power. Furthermore, no potential confounders were statistically 

controlled for. Confounders could be e.g. gender (De Couck et al., 2017), level of fatigue, 

wakefulness, attention, or mood (Steenbergen et al., 2020), as well as age and sensitivity to 

electrical stimulation (Kemp et al., 2014). 

Keeping the general limitations discussed here in mind, in the next sections I will discuss 

theoretical, methodological, and practical implications that can be derived from the findings 

provided by the three articles. 

8.3 Theoretical implications 

The present thesis did not find any evidence towards neurovisceral integration between 

psychophysiological processes that are related to human adaptation using tVNS in the way 

predicted by the neurovisceral integration model (Thayer et al., 2009). An effect of tVNS at the 

cognitive level could only be found on switch costs in the set-shifting paradigm, at the same time 

that one biomarker, HF, was increased (Article I). However, this increase in HF cannot be 

conclusively related to the active stimulation, because sham stimulation also evoked this 

increase. In line with these results, no correlations of resting and task-related CVA with switch 

costs could be found. Hence, the most important theoretical consideration of the present thesis is 

that the evidence provided here contradicts the neurovisceral integration model. 

As previously stated, although no differences in stimulation conditions could be found 

regarding pupillary reaction, pupil dilation increased after incorrect responses, thus reflecting 

increased norepinephrine release following error commission (Article III). The increase in CVA 



General discussion                167 

 

 

during the cognitive task reported in Article III, combined with increased norepinephrine release, 

may reflect a more effective central autonomic network, which in turn explains PES. Taking 

these findings together leads to new questions regarding the suitability of the earlobe as a sham 

condition, as discussed in Section 8.4. But independent of the lack of effect of tVNS on pupillary 

response, this biomarker can possibly contribute to a better understanding of the 

neurophysiological underpinnings described by the neurovisceral integration model (Thayer et 

al., 2009). Although locus coeruleus activity is not directly considered in this model, it is part of 

the central vagal pathways in the brain, and it is the main source of norepinephrine, which is 

associated with executive control (Logue & Gould, 2014). Based on that, I conclude that 

extending the neurovisceral integration model (Smith et al., 2017; Thayer et al., 2009) to 

encompass norepinephrine release may be a fruitful avenue to better understand the complex 

neurophysiological integration between autonomic and cognitive processing. The relationship 

between CVA and norepinephrine release in tasks thought to be modulated by noradrenergic 

activity should be further investigated. 

In the following section, I discuss advantages and disadvantages of specific aspects of the 

chosen methods as well as the theoretical implications described above from a methodological 

perspective. 

8.4 Methodological implications 

At the same time that the present thesis provides evidence against a neurovisceral integration of 

autonomic and cognitive effects of tVNS, the results found in the three studies open up new 

questions from a methodological perspective that might undermine this interpretation. For 

instance, CVA was not differently influenced by active and sham stimulation. Four possible 

reasons for this finding can be recognized: First, contrary to what is expected (Burger et al., 



General discussion                168 

 

 

2020; Colzato & Vonck, 2017), tVNS may not trigger afferent vagal fibers, meaning that the 

increases in CVA might be due to placebo effects that also appear in the sham condition. Second, 

the stimulation of afferent vagal fibers does not trigger vagal efferences to the heart, as measured 

with CVA. Third, only sham stimulation elicits pronounced placebo effects that prevent real 

effects evoked by active tVNS to differentiate from sham stimulation. Fourth, earlobe 

stimulation also provokes the effects found in the biomarkers, thus meaning that the earlobe is 

not a suitable auricular area for sham stimulation. We will briefly discuss these possible 

interpretations in the next paragraphs. 

Contrary to the first idea, abundant research, including imaging, cognitive, physiological, 

and clinical studies, showed that tVNS can affect psychophysiological processes and increase 

brain activity (see Chapter 2). As stated in Chapter 2, an array of brain-imaging studies provided 

evidence towards an activation of “classical” vagal pathways caused by tVNS (e.g., Frangos et 

al., 2015). However, these findings need to be seen with caution. On the one hand, I cannot rule 

out the possibility of an existing publication bias in this very young research field, especially 

because of the lack of meta analyses addressing this possibility. On the other hand, even if there 

is no publication bias, an undifferentiated increase in CVA might occur due to relaxation that 

takes place during the measurement. This possibility should be considered because there is no 

measurement of relaxation during the performance of the tasks, or of task difficulty. 

Consequently, future studies with tVNS need to consider such possibilities by means of showing 

more pre-registration efforts, measures of relaxation or task difficulty, and obviously follow 

standardized stimulation protocols in order to increase the comparability of results. 

Regarding the second idea, tVNS is thought to stimulate an exclusively afferent branch of 

the vagus nerve. Therefore, any potential effects of tVNS on CVA, whose parasympathetic 
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activity is regulated by efferent vagal fibers, are indirect consequences of this afferent activation 

(Colzato & Beste, 2020). As stated in Article II, it is not yet clear if the electrical signal produced 

by tVNS is strong enough to overcome body-related barriers and to modulate brain activity so 

that it indirectly triggers vagal efferences. Research on the strength of the electrical signal needed 

to overcome those barriers is still lacking, thus remaining an open question for future research.  

The third idea emerged from previous research showing that similar transcutaneous 

stimulation protocols for other target nerves have been shown to elicit pronounced placebo 

effects (Thorsteinsson et al., 1978). Placebo effects have not been investigated in the context of 

tVNS yet, so any inferences in this regard are speculative. However, placebo effects are likely to 

be better disentangled from the actual effects of vagal activation with an active sham condition in 

comparison to a passive “stimulation OFF” control, which consists in deploying electrodes that 

do not provide any electrical signal (Burger et al., 2020). Importantly, a suitable sham condition 

must elicit similar physiological sensations but not provoke activation of vagal afferent pathways 

(Burger et al., 2020). This directly links the third with the fourth possible reason for a lack of 

differences between active and sham stimulation regarding CVA.  

Concerning the fourth idea, the suitability of the earlobe as a sham condition was 

questioned within the three articles of the present thesis. As detailed in Article III, nerves cross-

communicate with other nerve fibers along their intracranial course (Butt et al., 2019), meaning 

that it is possible that a signal produced by an electrical stimulation on the earlobe reaches the 

same neural structures that the ABVN does. Earlobe is currently the predominant auricular area 

for sham stimulation (Burger et al., 2020). However, the use of this area is still under debate 

(Keute, Ruhnau, & Zaehle, 2018; Rangon, 2018). There is a need for alternatives to earlobe 

stimulation. Except for the “stimulation OFF” control, a non-electrical earlobe stimulation could 



General discussion                170 

 

 

have advantages. For instance, a stimulation that only consists of mechanically vibrating the 

auricular skin would prevent the device from delivering an electrical signal to the brain and 

might be a promising alternative. Ideas for non-electrical sham stimulation for tVNS should be 

developed in light of engineering and physiological perspectives. 

The discussion about the suitability of the sham condition took place in the three studies 

of the present thesis because of the consideration of time measurement points within an 

appropriate statistical approach. As detailed in Subsection 3.2, most of the previous studies either 

compared only active with sham stimulation cross-sectionally, or compared resting with 

stimulation phase without comparing stimulation conditions with one another. However, these 

approaches may prevent the studies from revealing important information about tVNS. If earlobe 

(sham) stimulation activates the afferent vagal fibers from ABVN similarly to cymba conchae or 

tragus (active) stimulation, cross-sectional comparisons between active and sham stimulation 

will tend to mask the similar vagal activation that is evoked by both conditions. In the same 

sense, a longitudinal comparison between resting and reactivity CVA, without taking into 

account comparisons of both stimulation conditions with one another, is insufficient, as the 

differences between active and sham condition are not considered. For this reason, I advocate for 

considering at least two-factorial rmANOVA when analyzing the effect of tVNS on CVA. The 

two factors should be time, with at least resting and reactivity as levels, and stimulation 

condition, with at least active and sham stimulation as levels. Further approaches such as linear 

or generalized mixed models are also recommendable, provided that they consider time and 

stimulation conditions in the analysis, and that in addition individual differences are accounted 

for.  
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Based on the propositions discussed above, I argue that CVA does not reliably reflect the 

self-regulation processes influenced by tVNS in the current state of the art, and that the findings 

provided in this thesis are not in line with the predictions from the neurovisceral integration 

model (Thayer et al., 2009). However, this statement is inconclusive as the question whether the 

earlobe is a suitable sham stimulation remains unanswered. It is timely to dedicate more efforts 

towards optimizing stimulation parameters, and to address the need to find a reliable sham 

stimulation.  

After a proper optimization of the stimulation protocol and stimulation parameters of 

tVNS, many practical implications may emerge. These are discussed in the next section. 

8.5 Practical implications 

The present thesis provides new insights, but also opens up new questions that urgently need to 

be addressed. For this reason, translational approaches towards application of tVNS are currently 

difficult to reflect on. For instance, the most critical question raised by the present thesis is 

whether earlobe stimulation is a suitable sham stimulation. This question cannot be answered 

within the scope of this thesis (which was also not the aim); therefore, I discuss practical 

implications of the findings provided by the present thesis starting from the premise that the 

earlobe is a suitable sham stimulation. In the following paragraphs, I focus on practical 

implications for basic research as well as for clinical and sport contexts. 

 Given that the three articles presented in this thesis possibly showed effects of tVNS on 

autonomic processes in both active and sham stimulation conditions, an important implication 

that can be derived from the present thesis is that, as already stated in Section 8.4, a placebo 

effect may play a major role in these effects. This possibility can greatly influence basic as well 

as clinical research. Taking different time measurement points into account will enable further 
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research to check if a placebo effect may be influencing the findings from studies involving 

tVNS. Besides basic research, tVNS has been used in clinical settings, for instance as a treatment 

for epilepsy, depression, migraine, tinnitus, and chronic pain (Yuan & Silberstein, 2016). In this 

context, the consequences of a placebo effect, despite often being considered beneficial for 

treatment, must be controlled, so that the working mechanism underlying tVNS in clinical 

treatment can be disentangled from the placebo effect. Thus, it is crucial for future basic as well 

as clinical studies to investigate the origins of the placebo effect in the context of tVNS and its 

magnitude in these different intervention possibilities with tVNS. 

Regarding sports, there is evidence from noninvasive brain stimulation techniques that 

some of these techniques can enhance cognitive and physical skills that are crucial for sports 

performance (Colzato, Nitsche, & Kibele, 2016). Consequently, some authors call the use of 

these techniques “neurodoping”, or “neurohaking” (e.g., Davis, 2013; Ienca & Scheibner, 2020). 

For instance, transcranial direct current stimulation (tDCS) has shown to be promising for 

fostering motor learning, motion perception, muscular strength, or decrements in muscle fatigue 

(Colzato, Nitsche, & Kibele, 2016). However, its working mechanisms differ greatly from the 

mechanism behind tVNS: Whereas tDCS modulates the excitability of the brain by applying 

electric current on a specific region of the brain, tVNS consists in applying a current on a cranial 

nerve. Furthermore, research with tVNS is still in its infancy, so that the potential of tVNS in 

boosting sport performance is still a mere speculation. 

Based on the results from the three studies I presented in the scope of this doctoral thesis, 

two potential applications of tVNS can be discussed in the context of sports. First, given that 

tVNS can consistently increase CVA, a further area of interest for sport research—although also 

for clinical research—would be to test the influence of tVNS on inflammation processes as well 
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as on recovery. Through the inflammatory reflex, the vagus nerve inhibits excessive 

proinflammatory cytokine production through α7 nicotinic acetylcholine receptor, thus regulating 

immune function (Huston & Tracey, 2011; Pavlov & Tracey, 2012). Thus, tVNS might reduce 

excessive inflammation, consequently promoting recovery in athletes. Second, we found that 

tVNS can enhance set shifting. This executive function is crucial for athletes’ success, especially 

in open skill sports, i.e., sports that have continuous changing conditions (Montuori et al., 2019). 

Given that cognitive flexibility can be improved by means of cognitive training, and this 

improvement can possibly be transfered to other tasks (Lövdén et al., 2010), tVNS might foster 

sport-related set-shifting training by speeding up the improvement rate in such tasks. Future 

research should address this question, for instance developing a training program to enhance set-

shifting abilities in the sports context.  

Regardless of the potential for translational approaches of tVNS to the sports context, the 

use of tVNS in sports in the sense of “neurodoping” raises important ethical questions. For 

instance, using tVNS to enhance cognitive skills or to improve mental training (Terry et al., 

2020) can be considered a kind of cheating in sports: The use of pharmacological enhancers is 

strictly regulated, but the use of an electrical stimulation technique can hardly be detected. This 

can create an unequal playing field because the performance boost provided by the undetected 

enhancer is unavailable to competitors who abide by the rules (Levy & Savulescu, 2014). 

Another question is about the authenticity of the sports performance that has been boosted by 

electrical brain stimulation (Davis, 2013): Should the stimulation technique receive the credit for 

this boost? In other words, is the performance shown by the athlete still theirs? According to 

Kadosh, Levy, O’Shea, Shea, & Savulescu (2012), brain training with the help of a brain 

stimulation technique enhances the person’s own latent cognitive abilities and increases the 
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efficiency of the training program, so that most of the performance is originated from the athlete. 

A further concern in the context of the use of brain stimulation techniques is related to 

interventions to improve mental preparation before a game. Electrical brain stimulation might be 

used to evoke the feeling of effortless concentration that characterizes outstanding performance 

(Cohen Kadosh, 2014). This raises the question about the task of the sport psychologist in this 

context, as mental preparation is usually performed by this professional. Currently, ethical 

questions are distant from reality for what concerns the use of tVNS in the daily routine in sports. 

However, in the future, in case this ethical discussion becomes necessary upon further 

development of tVNS, these questions show the importance of being aware of potential ethical 

issues when using tVNS. 

As previously stated, the ideas above, especially the ones related to sports, cannot be 

realized at this moment given the current tVNS’ state of the art. Independent of whether it is used 

in the context of basic research or translated to the applied field, a further improvement of tVNS 

as an intervention tool is imperative to advance such application ideas. Thus, the use of an 

integrative theoretical framework, a standardized stimulation protocol, a systematic optimization 

of stimulation parameters, and a proper study design as described in the present thesis are 

necessary steps in order to allow for implementing tVNS in the applied field. Once this 

optimization has been achieved, it might allow for creating stimulation protocols that are tailored 

to the needs at stake. Concretely, improving set shifting in the sports context might be done using 

a specific parametrization that might be very effective at enhancing set shifting, yet might not be 

valid when the aim is to treat epilepsy. 
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8.6 Conclusion 

This doctoral thesis aimed 1) to investigate whether tVNS increases CVA and therefore different 

processes related to human adaptation, and 2) to investigate whether tVNS has parameter-

specific effects. Taking together the three studies presented here, tVNS may affect switch costs in 

a set-shifting paradigm, which is a specific behavioral output related to cognitive flexibility, and 

increase CVA regardless of being active or sham stimulated. Based on these findings and on the 

discussion above, I cannot conclude that CVA reliably reflects the self-regulation processes that 

are possibly influenced by tVNS, derived from the neurovisceral integration model (Thayer et 

al., 2009). Furthermore, application of tVNS could not be optimized regarding stimulation 

intensity and auricular area, as active and sham stimulation showed no differences with regards 

to the observed effects. These findings challenge the use of earlobe stimulation as a sham 

stimulation, although it is predominantly used in studies with tVNS as such. 

This doctoral thesis highlights the importance of theory-based research as the basis for 

research questions, as well as stimulation protocols for properly addressing these questions. 

Concretely speaking, in this thesis I showed that an array of issues need to be contemplated when 

developing a study with tVNS. These issues are: 

1) Hypotheses should ideally be derived from an integrative theory that involves the 

functioning of the vagus nerve and the dependent variable at stake. When the theory at 

hand does not refer to all dependent variables used in the study—which was the case in 

the present thesis, with pupillary reactions being used in the context of the neurovisceral 

integration model—, the rationale for addressing these dependent variables should be 

coherent with the theory. This opens up a possibility to extend the theory at hand, and 
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perhaps contribute to a theory that specifically describes the effects of tVNS on 

psychophysiological processes in the future. 

2) Phasic measurements of biomarkers are to be performed. The statistical analysis needs to 

consider the development of these biomarkers over time, at least from the resting to the 

reactivity phase. 

3) Use of a sham stimulation to be compared to an active stimulation is essential. Besides 

having a control condition to compare the active stimulation with, the questions about 

earlobe stimulation as a sham condition show the need to further investigate this issue. 

Statistical analysis needs to consider all stimulation conditions along with the different 

time measurement points in order to provide an appropriate investigation of the effects of 

tVNS that have been hypothesized. 

4) Stimulation parameters used in the study should be described in detail (see Table 1 for an 

overview). If a well-known device is used but this device has modifiable parameters, 

stating this modification very clearly in the methods section enables the reader to be 

aware of the use of divergent parameters and helps them to critically interpret the results 

in light of this divergence. 

5) Potential confounders such as relaxation during the experimental session and task 

difficulty should be assessed if possible. This assessment can be performed for instance 

by means of questionnaires at the end of each time measurement point, or at the end of 

the experiment. 

This is certainly not an exhaustive list of recommendations necessary to improve the 

quality of studies with tVNS, but an important step in this direction. It is imperative to develop a 

standardized study protocol for tVNS and to optimize its stimulation protocols, so that we 
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canalize the flourishing of this potential cognitive enhancer, in order for it to become no longer a 

promise, but reality.  
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