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Abstract

Transcutaneous auricular vagus nerve stimulation (taVNS), a non-invasive form of elec-

trical brain stimulation, has shown potent therapeutic potential for a myriad of diseases

and disorders. How taVNS influences the neural and physiological response of motion

sickness – a complex syndrome marked by progressive, multidimensional symptoms

– remains unknown. To examine this, I developed a nauseogenic visual stimulus for

nausea induction coalesced with taVNS (200 µs, 20 Hz) administration during continu-

ous electroencephalogram (EEG) and electrocardiogram (ECG) data acquisition from

healthy human participants in crossover randomized sham-controlled studies.

To assess taVNS-induced effects on brain dynamics in response to motion-induced

nausea, cortical neuronal generators were estimated from the obtained EEG using ex-

act low-resolution brain electromagnetic tomography (eLORETA). Because taVNS has

been shown to modulate the autonomic nervous system (ANS) toward parasympa-

thetic predominance, and that motion-induced nausea is known to perturb ANS func-

tion, I performed analysis of ECG-derived heart rate variability (HRV) to quantify au-

tonomic effects of taVNS for motion-induced nausea. Moreover, I obtained the sym-

metric projection attractor reconstruction (SPAR) transforms of ECG signals to parse

taVNS-mediated effects on ECG morphology and variability. Subsequently, I trained

machine learning algorithms on ECG SPAR transforms to classify differential response

to motion-induced nausea, in addition to taVNS response detection.

taVNS increased activity in the insula and middle frontal gyrus compared to base-

line. Following taVNS, brain regions including the supramarginal, parahippocampal,
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middle frontal, and precentral gyri demonstrated a differential increase in neuronal ac-

tivity. My HRV analyses revealed that taVNS restored autonomic balance to healthy

levels during concurrent exposure to nauseogenic stimulation. Morphological and vari-

ability measures obtained from ECG-derived attractors showed differential effects of

taVNS compared to sham. I also show that machine learning models can determine

taVNS response from ECG SPAR-based features.

To summarise, these findings provide new insights into taVNS-induced neural and

autonomic changes, in addition to suggesting that small doses of electricity delivered

at the tragus of the left ear may play an important role in motion sickness management.
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Chapter 1

Introduction

1.1 Overview

Our brains maintain a neural library of expected motions and movements learned from

visual, vestibular, and proprioceptive inputs during normal or experienced conditions.

Under most circumstances, these brain expectations are congruent with actual visual-

vestibular sensory inputs, but when they disagree – for example, during travel by air,

land, or sea, when our bodies detect motion that our eyes cannot perceive – it often

results in con�icts; a phenomenon known as sensory con�ict or neural mismatch (Rea-

son and Brand, 1975; Reason, 1978; Oman, 1990, 1991). This sensory con�ict is the

most widely accepted theory about the cause of motion sickness – a complex syn-

drome that has plagued humans for over two millennia.

Previous research has long recognized the important role of the vestibular sys-

tem in the development of motion sickness (Irwin, 1881; James, 1883; Money, 1970;

Money, Lackner and Cheung, 1996), including how individuals with complete bilat-

eral loss of labyrinthine (vestibular apparatus) function are virtually immune to motion-

induced malaise (Kennedy et al., 1968; Money, 1990; Cheung, Howard and Money,

1991; Money, Lackner and Cheung, 1996; Johnson, Sunahara and Landolt, 1999; Dai,

Raphan and Cohen, 2007). With the exception of an intact vestibular apparatus, ev-

eryone can be made motion sick provided there is suf�cient exposure to a provocative

stimulus. While it has long remained unclear why some individuals are better able to

1
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tolerate sensory con�ict, we do know that other individuals are notoriously prone to

motion sickness – especially those who experience migraine headaches (Marcus, Fur-

man and Balaban, 2005), and those with history of traumatic brain injury (Classen and

Owens, 2010).

Nausea is the hallmark of motion sickness. In fact, the term “nausea” – derived

from the Greek for ship (naus) – was synonymous with seasickness in ancient days

of sea travel. An elevated sensation of nausea can hasten vomiting – or repeated

bouts of vomiting in severely susceptible individuals, and in severe motion sickness

cases observed in parabolic �ight experiments (Graybiel and Lackner, 1987). Because

motion sickness is polysymptomatic, nausea and vomiting are most commonly accom-

panied by a conglomeration of signi�cant features such as cold sweating, dizziness,

and drowsiness, among others (Lackner, 2014) – which detrimentally in�uence task

performance and cognitive function (Gresty et al., 2008; Gresty and Golding, 2009;

Matsangas, McCauley and Becker, 2014). Moreover, the incidence of motion sickness

could be exacerbated by automated vehicles (Diels and Bos, 2016) and in virtual reality

settings (Saredakis et al., 2020).

Despite the ubiquity of motion sickness, managing it effectively without undesirable

side effects has remained elusive. In fact, habituation (or adaptation) remains the

most effective non-pharmacological strategy – but requires long-term compliance – to

alleviate symptoms without medication (Keshavarz and Golding, 2022). Meanwhile, the

ef�cacy of mainstay pharmaceutical agents is not without unacceptable side effects.

For example, antiemetic compounds such as antihistamines (e.g., dimenhydrinate),

antimuscarinics (e.g., scopolamine), and sympathomimetics (e.g., amphetamine) are

accompanied by drowsiness, blurred vision, and depression of the central nervous

system (CNS) (Lackner, 2014; Golding and Gresty, 2015), including negative effects

on psychomotor performance (Schmäl, 2013). Thus, this underscores the need for

new, innovative methods of intervention with the least side effects, to navigate the

burden of this debilitating malady.

In recent years, research has revealed important insights into the profound auto-

nomic changes that underlie motion-induced nausea onset and evolution (Kim et al.,
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2011; Farmer et al., 2015); in particular, the notion that a reduction in parasympathetic

nervous system tone that is observed in nausea-sensitive individuals could be a key

target for new therapeutics (Farmer et al., 2014b). We have long known that the vagus

nerve – a paired cranial nerve consisting of sensory and motor neurons – is a primary

component of the parasympathetic nervous system. Importantly, it means that we

could therapeutically harness its role to reorient the ANS in motion sickness-induced

nausea. Advances in neural engineering in the �eld of bioelectronic medicine have

provided safe non-invasive neuromodulation tools that can alter brain and autonomic

function, as well as other processes. One such tool is transcutaneous auricular vagus

nerve stimulation (taVNS), a non-invasive form of electrical brain stimulation, with the

auricular branch of the vagus nerve serving as a sensory conduit between the outer ear

regions – most commonly the cymba concha and tragus – and the brainstem (Peuker

and Filler, 2002; Ellrich, 2019; Butt et al., 2020; Kreisberg et al., 2021). Prior studies

performed in healthy individuals have demonstrated that taVNS application can shift

ANS activity toward parasympathetic predominance (Clancy et al., 2014; Geng et al.,

2022; Forte et al., 2022).

Moreover, neuroimaging studies have provided evidence for taVNS-induced brain

effects in numerous brain regions (Kraus et al., 2007; Dimitrov and Gatev, 2015; Badran

et al., 2018); in particular, brain regions such as the insula, precuneus, and cuneus, that

have also been implicated with visually induced motion sickness (Kovács, Raabe and

Greenlee, 2008; Napadow et al., 2013; Farmer et al., 2015). In light of these �ndings,

this thesis hopes to provide novel insights into the brain and autonomic responses

to taVNS, and accompanying behavioural changes during motion sickness-induced

nausea, from a therapeutic perspective.
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1.2 Aims and Objectives

The primary aim of this research is a novel investigation into the effects of taVNS on

brain activity and autonomic function in healthy human volunteers undergoing nau-

seogenic visual stimulation that induces motion sickness. Speci�cally, the research as-

sesses whether taVNS-induced brain and autonomic effects are indicative of a reduc-

tion in motion sickness severity, as determined by well-established and long-validated

motion sickness questionnaires. While numerous studies have investigated taVNS ef-

fects on a plethora of diseases and disorders, until now, none have examined the ther-

apeutic potential of this non-invasive vagal nerve stimulation in visually induced motion

sickness. Prompted by recent �ndings that provide an increasingly better understand-

ing of both motion sickness and taVNS, my hypothesis is that active taVNS administra-

tion can demonstrate bene�cial brain, autonomic, and behavioural effects than sham

stimulation. To achieve these aims, the formulated objectives were to:

• Develop a motion sickness model to induce nausea, and thereby study motion

sickness expression in the laboratory.

• Examine the physiological – as measured by electrocardiography (ECG) – and

behavioural responses to motion-induced nausea during and after taVNS admin-

istration.

• Examine the neural – as measured by electroencephalography (EEG) – and be-

havioural responses to motion-induced nausea during and after taVNS adminis-

tration.

• Identify quantitative ECG and EEG markers for visually induced motion sickness,

to complement or be utilised as surrogates to existing measures.

• Explore with machine learning and deep learning tools to analyse physiological

responses to motion-induced nausea, and/or taVNS administration.
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1.3 Contributions

Owing to the complexity of motion-induced nausea, a interdisciplinary approach ap-

pears essential to understanding and managing symptoms. Hence the thesis draws

on the disciplines of computer science, neuroscience, and mathematics to propose a

novel non-invasive electrical stimulation of the auricular branch of the vagus nerve –

taVNS – for motion sickness management. In addition to the novelty herein, the thesis

contributes a visually nauseating stimuli [Nauseogenic Stimulation; Mole�, McLough-

lin and Palaniappan (2023a)] – a convenient model of inducing motion sickness in the

laboratory that may aid in standardised paradigms of taVNS and motion sickness.

In Chapter 4 Effects of taVNS on the Human Brain in Visually Induced Motion

Sickness, the thesis provides a signi�cant contribution suggesting, for the �rst time,

that taVNS may have potential to alleviate motion sickness symptoms through neural

activity analysis (Mole�, McLoughlin and Palaniappan, 2023b). By performing EEG-

based source localization analysis, this chapter shares another important contribution,

demonstrating that taVNS has differential effects on source localized neuronal activity

in comparison to sham, and that these taVNS-induced neuronal effects are linked with

reductions in malaise symptoms (Mole�, McLoughlin and Palaniappan, 2025).

The thesis shares a further contribution in Chapter 5 Autonomic Effects of taVNS

on Visually Evoked Motion Sickness in Humans, proposing a set of metrics that mea-

sure physiologic complexity and chaos and highlights how these newly proposed in-

dices may have important implications for evaluating new therapeutics for motion sick-

ness, in addition to providing a deeper understanding of this complex syndrome (Mole�,

McLoughlin and Palaniappan, 2023c). Additionally, this chapter uses heart rate vari-

ability (HRV) analysis to provide �rst insights into the potential of auricular electrical

stimulation in attenuating motion sickness severity (Mole�, McLoughlin and Palaniap-

pan, 2023a). Moreover, a recent novel SPAR analysis to examine taVNS effects on

ECG morphology and variability serves as an additional contribution to this chap-

ter (Mole�, McLoughlin and Palaniappan, 2024).
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Chapter 6 Using Supervised Learning to Predict Motion-Induced Nausea, and Ef-

fects of taVNS offers an important �nding showing that pretrained deep neural networks

can be �ne-tuned to read ECG-derived attractor images of healthy human volunteers

at rest and during motion-induced nausea with implications for evaluating new thera-

peutics for motion sickness and related conditions (Mole� and Palaniappan, 2024).

Together, the scienti�c contribution herein sheds light on taVNS-induced neuro-

modulatory effects to offset motion-induced nausea, validated through neuroimaging

(EEG) and physiologic (ECG) data, and accompanying behavioural data. The �ndings

of this thesis may have translational potential to combat other nausea-related condi-

tions, e.g., chemotherapy-induced nausea. Given the prevalence of motion sickness

now and in future due to the proliferation of autonomous and semi-autonomous vehi-

cles, as well as virtual reality (VR) technology, this thesis presents very timely research

through the lens of computational neuromodulation, to potentially guide development

of taVNS protocols for optimised and effective motion sickness management.

1.4 Research Outputs

Journal Articles

• Mole�, E., McLoughlin, I., and Palaniappan, R. (2024). Symmetric projection

attractor reconstruction: Transcutaneous auricular vagus nerve stimulation for

visually induced motion sickness. Autonomic Neuroscience, Under Review.

• Mole�, E., McLoughlin, I., and Palaniappan, R. (2025). Transcutaneous Auricular

Vagus Nerve Stimulation for Visually Induced Motion Sickness: An eLORETA

Study. Brain Topography, 38(1), 11. https://doi.org/10.1007/s10548-024-01088-6

• Mole�, E., McLoughlin, I., and Palaniappan, R. (2023). On the potential of

transauricular electrical stimulation to reduce visually induced motion sickness.

Scienti�c Reports, 13(1), 3272. https://doi.org/10.1038/s41598-023-29765-9

Conference Proceedings



1.5. THESIS STRUCTURE 7

• Mole�, E., and Palaniappan, R. (2024). Deep Transfer Learning for Visually In-

duced Motion Sickness Detection Using Symmetric Projection Attractor Recon-

struction of the Electrocardiogram. In 2024 Computing in Cardiology (CinC), Vol.

51, 8-11 September 2024, Karlsruhe, Germany. https://doi.org/10.22489/CinC.

2024.212

• Mole�, E., McLoughlin, I., and Palaniappan, R. (2023). Heart Rate Variability Re-

sponses to Visually Induced Motion Sickness. In 2023 45th Annual International

Conference of the IEEE Engineering in Medicine & Biology Society (EMBC),

24-27 July 2023, Sydney, Australia. https://doi.org/10.1109/EMBC40787.2023.

10340636

• Mole�, E., McLoughlin, I., and Palaniappan, R. (2023). Transcutaneous Auricular

Vagus Nerve Stimulation towards Visually Induced Motion Sickness Reduction: A

Pilot Study. In 2023 45th Annual International Conference of the IEEE Engineer-

ing in Medicine & Biology Society (EMBC), 24-27 July 2023, Sydney, Australia.

https://doi.org/10.1109/EMBC40787.2023.10340374

1.5 Thesis Structure

This thesis has been structured into 8 chapters; prior to reading chapters 4 Effects of

taVNS on the Human Brain in Visually Induced Motion Sickness, 5 Autonomic Effects

of taVNS on Visually Evoked Motion Sickness in Humans, and 6 Using Supervised

Learning to Predict Motion-Induced Nausea, and Effects of taVNS, the reader may �nd

it useful to consider going over the Materials and Methods chapter �rst – for context.

1 Introduction

Motion sickness is an enigma that has plagued humans for millennia. This chap-

ter provides an overview of this complex and multifactorial syndrome, and considers

physiological and neuroimaging evidence that might aid application and evaluation of

the proposed non-pharmacological strategy – non-invasive stimulation of the auricular
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branch of the vagus nerve. It identi�es that literature on non-invasively stimulating the

vagus nerve for managing motion sickness is lacking, highlighting the importance and

potential of the proposed research.

2 Literature Review

Here, the EEG and ECG modalities – techniques that enable non-invasive monitoring

of brain and heart activity, respectively – are described. Subsequently, this review dis-

cusses our current understanding of taVNS mechanism, including the neuroanatomy of

the vagus nerve (cranial nerve X), and the application of the above-mentioned monitor-

ing modalities in taVNS literature. Similarly, our current knowledge of motion sickness

physiology is covered, including a survey of the literature examining motion-induced

nausea via EEG and ECG. A summary of evidence suggesting that motion sickness

symptoms may be alleviated using non-invasive electrical stimulation is provided; no-

tably, highlighting the novel application of taVNS for motion sickness management

herein.

3 Materials and Methods

This chapter describes the characteristics of human volunteers who took part in this

research, including experimental design, materials for biomedical signal acquisition,

behavioural instruments for measuring motion sickness severity, the development of a

nauseogenic visual stimulus, and taVNS administration protocol used for this research.

4 Effects of taVNS on the Human Brain in Visually Induced Motion Sickness

Motion sickness changes brain cortical activity. In this chapter, brain activity data ob-

tained via EEG during an experimental platform designed to induce motion sickness

coalesced with taVNS administration are analysed using spectral decomposition, time-

frequency decomposition, and exact low-resolution brain electromagnetic tomography

(eLORETA). eLORETA – a technique that computes images of electric neuronal activ-

ity from EEG recordings – is employed for estimating cortical neuronal generators of
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taVNS administration. Differences in sham- and taVNS-induced neural activity during

exposure to motion sickness are presented, and �ndings comprehensively discussed.

5 Autonomic Effects of taVNS on Visually Evoked Motion Sickness in Humans

It has long been known that motion sickness disrupts autonomic nervous system func-

tion. This chapter employs a set of analytical methods both to propose new metrics for

assessing this autonomic dysfunction in motion-induced nausea, as well as to exam-

ine the effects of taVNS administration simultaneous with motion sickness provocation.

Notably, measures of physiologic complexity and chaos are proposed for motion sick-

ness monitoring; and for the �rst time, symmetric projection attractor reconstruction

(SPAR) transforms are used to examine the differential effects of taVNS in motion sick-

ness. The �ndings and their implications are discussed at depth.

6 Using Supervised Learning to Predict Motion-Induced Nausea, and Effects of

taVNS

The ECG-based SPAR analysis performed in Chapter 5 Autonomic Effects of taVNS

on Visually Evoked Motion Sickness in Humans generates attractor images that encap-

sulate useful information which may be indicative of malaise state, or taVNS-induced

response. This chapter explores the use of machine learning and deep learning tools

to analyse the characteristics of these attractor images to determine the effects of nau-

seogenic visual stimulation, including detection of stimulation type, sham versus active

taVNS. Finally, the presented results are discussed.

7 General Discussion

Here, a more in-depth discussion of limitations in the studies conducted, including how

such limitations affect the �ndings and conclusions is provided. Speci�cally, topics such

as sham condition in taVNS studies, taVNS dosage for motion-induced nausea, and

heart rate variability (HRV) as a biomarker for taVNS are comprehensively discussed.

Furthermore, this chapter examines the limitations, validation, and interpretation of
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eLORETA; and considers the implications of sex differences and sample size on the

main �ndings herein.

8 Conclusions and Future Directions

This chapter summarises the �ndings presented in the thesis, and how the scienti�c

contributions herein could yield important future impact for navigating nausea-related

conditions, stress, and mental health, etc. Importantly, it considers future directions for

taVNS therapy in motion sickness management, including opportunities for the optimi-

sation, personalisation, and commercialisation of taVNS for motion sickness.



Chapter 2

Literature Review

2.1 Introduction

Though the burden of motion sickness can be alleviated via pharmacologic agents,

their undesirable side effects, including the foreseeable incidence of malaise that could

be exacerbated by virtual reality, and automated vehicles and �ights, highlight the need

for new strategies of managing it effectively with the least side effects. In this review,

I provide an overview background and description of electroencephalography (EEG)

and electrocardiography (ECG) data modalities; and discuss EEG and ECG evidence

for the effects of both transcutaneous auricular vagus nerve stimulation (taVNS) and

visually induced motion sickness on brain and autonomic function, respectively. Addi-

tionally, I consider evidence from functional magnetic resonance imaging (fMRI) studies

from both taVNS and motion sickness literature.

Finally, I summarise the literature that sought to ameliorate symptoms of motion

sickness via non-invasive electrical stimulation. On the basis of current evidence, I �nd

that taVNS is yet to be examined as a potential neurostimulation tool in motion sickness

management; in particular, when aiming to evaluate its effects on the development of

malaise at the level of behaviour, physiology, and underlying brain activity dynamics.

11
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2.2 Electroencephalography

Our brains are constantly generating electrical signals. Ubiquitous across the cerebral

cortex are pyramidal neurons (Spruston, 2008) – also commonly found in various brain

regions, including in subcortical structures such as the hippocampus and the amyg-

dala – whose primary function is to perform synaptic integration, like any other type of

neuron. That is, to respond to synaptic inputs via generation of action potentials that

excite postsynaptic targets. Their numerical dominance, including the fact that they are

`projection neurons' – however – makes them important. Postsynaptic activity of en-

sembles of these neurons generates local �eld potentials (LPFs); these LPFs are the

main source of potentials that can be detected at the scalp surface (i.e., from outside

the head). In fact, these are considered the building blocks of electroencephalography

(EEG) (da Silva, 2013).

EEG is a safe and non-invasive method for monitoring the brain's electric �elds, and

was discovered in humans by Hans Berger, a German psychiatrist, in 1924 (Berger,

1929; Haas, 2003) – marking one hundred years of EEG at the time of writing this. It is

important to note that prior to the discovery of EEG in humans by Hans Berger, EEG

had long been demonstrated in animals by Richard Caton (Caton, 1875; Haas, 2003)

and Adolf Beck (Beck, 1890; Coenen and Zayachkivska, 2013; Pietrzak, Grzybowski

and Kaczmarczyk, 2014). EEG uses electrodes placed on the scalp to record summed

up postsynaptic potentials of large, synchronous neuronal populations with high tem-

poral precision but coarse spatial resolution. Features of the electrical activity recorded

by EEG – commonly called brain waves – are complex, and the signal detected by each

electrode include dynamics from various brain regions. Moreover, it is important to note

that the signal measured at the scalp level is attenuated and transformed by volume

conduction via intracranial media such as the cerebral spinal �uid, dura matter, and

skull (Biasiucci, Franceschiello and Murray, 2019). While the above points highlight

our partial and incomplete understanding of the content of scalp-recorded EEG (Co-

hen, 2017), it is indisputable that EEG plays an important role in the characterization of

electrophysiological dynamics of brain (dys)function. In particular, since its inception,
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it has led to marked advances in the characterization, detection, and management of

epilepsy.

Normally, to interpret patterns in the EEG signal, many studies perform spectral

decomposition of the data into delta (� ; � 0.2-3.5 Hz), theta (� ; � 4-7.5 Hz), alpha (� ;

� 8-13 Hz), beta (� ; � 14-30 Hz), gamma (
 ; � 30-90 Hz), and high-frequency oscil-

lations (HFO; > 90 Hz) (Biasiucci, Franceschiello and Murray, 2019). These classical

frequency bands have been shown to be in overlap with clusters of frequency compo-

nents obtained via statistical factor analysis of EEG spectral properties (da Silva, 2011).

It should be noted that, in interpreting these frequency bands, there is no direct map-

ping of neural oscillations of a frequency band of interest with a speci�c brain process;

rather, evidence indicates, for example, that complex amplitude-phase relationships

across frequencies exist. Moreover, it is reasonable to assume that there are other

features intrinsic to the EEG signal, such as non-sinusoidal and arrhythmic patterns

rather than just a mixture of sinusoids, when computing EEG spectra. Nonetheless,

spectral characteristics of the EEG provide unique insights in examining both evoked

(time- and phase-locked) and induced (not time- or phase-locked) brain dynamics –

and an effective means to distinguish between them. However, it should not be over-

looked that EEG is equally important in its raw form (i.e., time domain), especially when

evaluating and interpreting features such as burst suppression, sleep, and epileptiform

patterns.

EEG has a diverse spectrum of applications, ranging from brain-computer inter-

faces (BCIs) to sleep, anxiety, and brain disorder diagnosis, treatment outcome predic-

tion, to practical ways that allow combination with other brain imaging methods – for

instance, functional near-infrared spectroscopy (fNIRS) and functional magnetic res-

onance imaging (fMRI) – and non-invasive brain stimulation – for example, transcra-

nial alternating current stimulation (tACS) and transcranial magnetic stimulation (TMS).

Here, I leverage EEG to gain insight into the neural effects of non-invasive stimulation

of the vagus nerve in human participants undergoing nauseogenic visual stimulation.
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2.3 Electrocardiography

A hallmark feature of the human heart is its ability to generate its own electricity, via

specialised cardiomyocytes that network to form the intrinsic cardiac conduction sys-

tem; reliably maintaining blood circulation around the body in a precisely coordinated

and regulated process. Anatomically, and on the most basic level, the heart comprise

four distinct pumping chambers, two superior atria and two inferior ventricles. Each

chamber has a corresponding valve; the atrioventricular valves – mitral (bicuspid) and

tricuspid valves – provide a one-way path for the atria to pump blood into the ventricles,

and the semilunar valves – aortic and pulmonary semilunar valves – similarly offer a

single pathway for the ventricles to propel blood to the rest of the body. To function

best, a cluster of neurons in the sinoatrial (SA) node (the heart's natural pacemaker)

generate an electrical impulse at regular intervals – often 60 to 100 times per minute

– for a heartbeat. Dynamics between the sympathetic and parasympathetic of the

autonomic nervous system, a branch of the peripheral nervous system, regulate the

frequency of these electrical impulses. The SA node, or sinus node, reside in the up-

per portion of the right atrium (Figure 1). Under normal circumstances, the electrical

stimulus triggered by the SA node is conducted via the internodal pathways, initiating

atrial contraction while propagating toward the atrioventricular (AV) node – the heart's

“gatekeeper”, which reside between the atria (Figure 1) – where it gets delayed for a

short period of time while the atria empty blood into the ventricles. From the AV node,

the electrical signal travels through the atrioventricular bundle (i.e., His bundle), the

Purkinje �bers, and the ventricular myocardium – this happens very quickly – causing

the ventricles to contract, and thus producing a heartbeat. Then the next cardiac cycle

begins.

An electrocardiogram (ECG or EKG) is a non-invasive procedure performed to

record the electrical activity of the heart over time. The ECG was invented by a Dutch

physician named Willem Einthoven in 1901 as a string galvanometer; the 600-pound

instrument translated the electrical activity in the heart into “electrocardiogram” (a term

he coined) waves that are recorded on graph paper, conveying the heart rate and
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Figure 1: Electrical system of the heart. From Johns Hopkins Medicine (2019).

heart rhythm (Einthoven, 1901). Einthoven received the Nobel Prize in Physiology or

Medicine in 1924 for his discovery of the mechanism of ECG. It is important to remark

however that prior to the discovery made by Einthoven, the early pioneering work of

Augustus Waller had demonstrated that electrical currents generated by the human

heart could be recorded using a mercury capillary electrometer (Waller, 1887).

Importantly, it should be noted that an ECG does not measure the actual electric

current that propagates through the cardiac conduction system; rather, it measures the

ventricular and atrial myocardial depolarization (activation) and repolarization. That is,

an ECG device or machine transforms the signals detected and transmitted by the elec-

trodes – commonly placed on an individual's wrists, ankles and chest – into patterns or

waves that represent the function of the cardiac conduction system. Figure 2 is an illus-

tration of the various waves that can be observed on an ECG. The P wave represents
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atrial depolarization; the QRS complex (a conglomeration of Q, R, and S waves) indi-

cates ventricular depolarization; and the T wave represents ventricular repolarization.

Of note, the QRS complex additionally re�ects masked atrial repolarization. These

ECG waves have important clinical implications, and their appearance can give vital

clues about abnormal heart rhythms, i.e., arrhythmias.

It has long been observed that the heartbeat varies over time (Billman, 2011). The

discovery of the ECG provided a proxy by which physiological variation in time between

heartbeats, called heart rate variability (HRV), could be assessed with millisecond tem-

poral precision. But it was not until the 1996 standardisation document by the Task

Force of the European Society of Cardiology and the North American Society of Pac-

ing and Electrophysiology (1996) – a widely referenced document – that HRV analyses

received increased research interest. While the HRV signal can be obtained via vari-

ous methods, for example, derived from photoplethysmography (PPG) (e.g., Lu et al.,

2008, 2009) or arterial blood pressure (ABP) (e.g., McKinley et al., 2003) waveforms,

the ECG signal is well-recognized as the gold standard for HRV estimation. To con-

struct an HRV signal, the time interval between the R waves in the QRS complex of the

ECG is most commonly used. Herein I utilise the ECG – including ECG-derived HRV

– to evaluate the effects of taVNS on autonomic function in tandem with nauseogenic

stimulation.

Figure 2: An electrocardiogram (ECG) excerpt for an example participant – with anno-
tations of different ECG waves.
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2.4 Transcutaneous Auricular Vagus Nerve Stimulation

While the idea that therapeutic solutions could be derived from stimulating the vagus

nerve date back to the 1880s, when American neurologist James L. Corning coalesced

transcutaneous electrical stimulation of efferent vagal nerve �bers with a “carotid fork”

– an instrument Corning developed for bilateral carotid artery compression – it was

not until a century later that this method was adopted based on evidence from animal

models suggesting potential antiepileptic effects (Zabara, 1985, 1992).

The vagus nerve (cranial nerve X; Figure 3) is a paired neural structure that helps

maintain homeostasis; and among the longest nerves in the human body. It plays

a critical role in parasympathetic nervous function. Essentially, the vagus nerve has

crucial involvement on functions such as the autonomic, cardiovascular, respiratory,

gastrointestinal, immune and endocrine systems (Yuan and Silberstein, 2016a). A

comprehensive review of the physiology of the vagus nerve has been provided (Yuan

and Silberstein, 2016a,b,c).

Depending on the stimulation method, researchers distinguish between cervically

implanted VNS (VNS or iVNS), transcutaneous cervical VNS (tcVNS), transcutaneous

auricular VNS (taVNS), and percutaneous auricular VNS (paVNS). taVNS targets nerve

endings of the auricular branch of the vagus nerve, which provides a neural pathway

for afferent signaling to brainstem nuclei, such as the nucleus tractus solitarius (NTS).

Both taVNS and tcVNS are delivered transcutaneously, so these modalities are often

jointly referred to as tVNS (Farmer et al., 2021). Despite limited data on the differ-

ential biological effects of taVNS against tcVNS, I restrict my scope to the neural and

autonomic effects induced by taVNS in the ensuing summary of the literature.

2.4.1 Neural Effects of taVNS

Electrical stimulation of the vagus nerve has been found to in�uence brainstem neu-

ronal response. Modern research has revealed that the same brain effects can be

achieved via non-invasive modalities including taVNS and tcVNS. However, neural

mechanisms mediating the effects of taVNS and tcVNS are not well understood. Here,
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Figure 3: The Vagus Nerve. From Prescott and Liberles (2022).

I summarise both EEG and fMRI �ndings on the modulatory effects of non-invasive

vagal nerve stimulation, restricting my scope to taVNS (Table 1).

Early fMRI analyses by Kraus et al. (2007) revealed that taVNS (delivered at 20 µs,

8 Hz) evoked neuronal activation in brain regions including the insula, precentral gyrus,

thalamus, right accumbens and led to a differential deactivations in regions, such as

parahippocampal gyrus, hippocampus, amygdala, middle temporal gyrus, and superior

temporal gyrus when outer ear canal was contrasted with the earlobe. Using a differ-

ent set of parameters (250 µs, 25 Hz), Dietrich et al. (2008) implicated similar brain

activation in the thalamus and insula by stimulating the inner tragus. Additionally, the

authors identi�ed brain activation at the left locus coeruleus (LC) and left prefrontal cor-

tex, including deactivations at the right nucleus accumbens, right cerebellum (Dietrich
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et al., 2008). Several years past, Kraus et al. (2013) investigated with the same taVNS

dosage (20 µs, 8 Hz), but slightly different stimulation duty cycle of (30 s on, 60 s off).

Tragus stimulation revealed brain activation at the parahippocampal gyrus, posterior

cingulate cortex, and right thalamus. When comparing tragus and posterior ear canal

to earlobe, the authors observed differential activation in insula (Kraus et al., 2013).

Studies targeting the cymba conchae have demonstrated brain activation at brain

structures including the left NTS, nucleus accumbens, and LC (Frangos, Ellrich and

Komisaruk, 2015), and caudate, cerebellum, and hypothalamus (Yakunina, Kim and

Nam, 2017); these different results may be attributed to the different parameters the

studies applied. Indeed, Frangos, Ellrich and Komisaruk (2015) observed a deactiva-

tion in the hypothalamus while (Yakunina, Kim and Nam, 2017) noted an increase in

the same region. Comparing tragus stimulation with earlobe, Badran et al. (2018) ob-

served brain activation in brain regions including the caudate, left middle frontal gyrus,

and bilateral anterior cingulate cortex while using the same taVNS parameters (500 µs,

25 Hz) as Yakunina, Kim and Nam (2017); interestingly, the authors did not observe

NTS activation similar to Yakunina, Kim and Nam (2017); possibly due the different

duty cycle applied by both studies, and the different samples sizes.

In comparison to fMRI, EEG provides high temporal resolution of brain dynamics

modulated by vagal stimulation; however, �ndings from EEG studies have been lack-

ing, and current ones provide mixed evidence. For example, Ricci et al. (2020) reported

increased EEG delta spectral power when comparing post-taVNS to pre-stimulation

baseline. taVNS was demonstrated to attenuate occipital alpha oscillations when ad-

ministered at the cymba conchae (Sharon, Fahoum and Nir, 2021). A more likely

explanation for these contrasting results is methodological differences.

Together, while these �ndings are interesting and have potential to further under-

standing of mechanisms by which taVNS in�uences brainstem neuronal response,

other studies had low sample sizes (e.g., Dietrich et al., 2008; Ricci et al., 2020);

thus, warranting caution when interpreting �ndings therein. Nonetheless, evidence

from these studies (Table 1) taken together suggests that neuronal response may aid

assess taVNS response.
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Table 1: Brain effects of taVNS in healthy human participants.

Study Site N Stimulation parameters Findings

Kraus et al. (2007) Outer ear canal (vs. earlobe) 6 30 s on, 120 s off; 20 µs, 8 Hz taVNS increased BOLD in insula,

precentral gyrus, thalamus, right ac-

cumbens; and decreased BOLD in

parahippocampal gyrus, hippocam-

pus, amygdala, middle temporal

gyrus, superior temporal gyrus

Dietrich et al. (2008) Inner tragus 4 50 s on, 100 s off; 250 µs, 25 Hz taVNS increased BOLD in left LC,

thalamus (left > right), left prefrontal

cortex, left insula; and decreased

BOLD in right nucleus accumbens,

right cerebellum

Kraus et al. (2013) Tragus vs. posterior ear canal (vs.

earlobe)

8 30 s on, 60 s off; 20 µs, 8 Hz taVNS (tragus) revealed increased

BOLD in parahippocampal gyrus,

posterior cingulate cortex, right tha-

lamus (pulvinar); Tragus and poste-

rior ear canal compared to earlobe

showed increased BOLD in insula

(Continued)
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Study Site N Stimulation parameters Findings

Frangos et al. (2015) Cymba conchae (left; vs. earlobe) 12 7 min on, 11 min off; 250 µs, 25 Hz taVNS showed increased BOLD in

left NTS, bilateral spinal trigemi-

nal nucleus, dorsal raphe, LC, right

parabrachial area, amygdala, nu-

cleus accumbens, bilateral paracen-

tral lobule; and decreased BOLD in

hippocampus, hypothalamus

Yakunina et al. (2017) Tragus, conchae (vs. earlobe) 37 6 min on, 90 s off; 500 µs, 25 Hz taVNS (cymba conchae and tra-

gus) compared to sham revealed

increased BOLD in NTS, LC, caudate,

cerebellum, hypothalamus, thalamus,

putamen

Badran et al. (2018) Tragus (left; vs. earlobe) 17 60 s on, 60 s off; 500 µs, 25 Hz taVNS vs. sham revealed increased

BOLD in caudate, right caudate, bi-

lateral midcingulate, bilateral cerebel-

lum, bilateral anterior cingulate cortex,

left middle frontal gyrus, left superior

frontal gyrus

Ricci et al. (2020) External acoustic meatus (left; vs.

earlobe)

8 30 s on, 5 min off; 0.5 ms, 30 Hz taVNS increased EEG delta (1-4 Hz)

power compared to pre-stimulation

baseline

Sharon et al. (2021) Cymba conchae (left; vs. earlobe) 24 3.4 s on; 200-300 µs, 25 Hz taVNS attenuated occipital alpha (8-

13 Hz) compared to sham
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2.4.2 Autonomic Effects of taVNS

In Section Electrocardiography, I underscored that ECG-derived HRV can be used to

extract measures that describe the state of the autonomic nervous system. From those

measures, some of them have been proposed to be reliable indicators of cardiac vagal

activity. These include the (1) root mean square of successive RR interval differences

(RMSSD); (2) percentage of consecutive RR intervals differing by > x ms (pNNx, %);

(3) respiratory sinus arrhythmia (RSA); and (4) high frequency (HF) spectral compo-

nent of HRV (Laborde, Mosley and Thayer, 2017). Here, I examine evidence of the

administration of taVNS in modulating autonomic function as indexed by these afore-

mentioned measures; however, I also describe evidence of the involvement of nonlinear

HRV measures (Table 2).

The effects of non-invasive vagal nerve stimulation have been investigated in sev-

eral studies. However, similar to the observation made in the Neural Effects of taVNS

section, studies here have also provided mixed evidence. In their pivotal study, Clancy

et al. (2014) demonstrated that tragus stimulation led to a differential reduction in LF/HF,

and observed no effect on either LF or HF; suggesting that taVNS reduces sympathetic

neural activity. Of note, the LF/HF is not among those considered to assess cardiac

vagal activity, and thus should be interpreted with caution. One important observation

about this study is that it was not clear which tragus was stimulated (left or right). A later

study by Antonino et al. (2017) revealed that stimulating the left tragus signi�cantly re-

duced the LF/HF; this �nding was observed when comparing taVNS to baseline – the

authors made no comparisons between taVNS and sham (left earlobe). While both

these studies suggested there is a taVNS effect on the LF/HF measure, the �ndings

of Bretherton et al. (2019) contrasted this, and instead showed that taVNS induced

a differential increase in RMSSD and pNN50 – which represent cardiac vagal activity

– including LF, SD1, and SD2 when taVNS was compared to pre-stimulation base-

line. Improvements in HRV with tragus stimulation observed in a study that measured

RSA (Lamb et al., 2017).

Although the cymba conchae is thought to be innervated by a greater proportion of

the auricular branch of the vagus nerve (Butt et al., 2020), studies investigating with this
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anatomical location have mostly reported no taVNS effect on the RMSSD (De Couck

et al., 2017; Borges, Laborde and Raab, 2019; Burger et al., 2019a,b; Vosseler et al.,

2020), HF (De Couck et al., 2017; Gancheva et al., 2018), or LF/HF (De Couck et al.,

2017; Gancheva et al., 2018). Cymba conchae stimulation on the right ear was demon-

strated to produce marked changes in the SDNN (De Couck et al., 2017). In a recent

parametric study, Machetanz et al. (2021) implicated strong effects were the cymba

conchae and fossa triangularis, and to a lesser extent the inner tragus. Importantly,

it should be noted that there are potential limitations in these studies, which comprise

differential methodology, small sample sizes, and incomplete reporting of stimulation

parameters, including missing sham control.
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Table 2: Autonomic effects of taVNS in healthy human participants.

Study Site N Stimulation parameters Autonomic parameters Findings

Clancy et al. (2014) Tragus 48 Continuous; 10-50 mA,

200 µs, 30 Hz

LF, HF, LF/HF Signi�cant decrease in

LF/HF; no effect on LF or

HF

De Couck et al. (2017) Cymba conchae (bilat-

eral)

30 30 s on, 30 s off; mean

0.7 mA, 200 µs, 25 Hz

RMSSD, SDNN, HF,

LF/HF

taVNS (right-sided) in-

creased SDNN com-

pared to baseline, but

no effect on RMSSD,

HF, LF/HF; No differ-

ences observed for

taVNS (right-sided) vs.

sham (left cymba concha

with null stimulation) or

taVNS(left-sided)

Lamb et al. (2017) Tragus (left) 22 Mean 5.6 (3-11.3) mA,

20 Hz

RSA taVNS increased RSA

compared to sham (tra-

gus with null stimulation)

(Continued)
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Study Site N Stimulation parameters Autonomic parameters Findings

Antonino et al. (2017) Tragus (left) 13 Continuous; 10-50 mA,

200 µs, 30 Hz

LF, HF, LF/HF taVNS decreased HR

and LF/HF comapared

to baseline, this was not

observed during sham;

taVNS and sham (left

earlobe) not compared

Gancheva et al. (2018) Cymba conchae (left) 14 Continuous; 0.6-1.4 mA,

250 µs, 25 Hz

LF, HF, LF/HF No taVNS effect on HRV

compared to sham (left

earlobe)

Bretherton et al. (2019) Tragus Exp 1: 51;

Exp 2: 26

2-4 mA, 200 µs, 30 Hz LF, HF, LF/HF, RR in-

terval, SDNN, RMSSD,

pNN50, SD1, SD2

Exp 1: taVNS increased

RMSSD, pNN50, LF,

SD1, and SD2 compared

pre-stimulation baseline.

No taVNS effect on other

measures.

Exp 2: taVNS increased

SDNN, RR mean, LF,

and SD2. No taVNS ef-

fect on other measures.

Borges et al. (2019) Cymba conchae (left) 60 30 s on, 30 s off; 0.5 mA,

250 µs, 25 Hz

RMSSD No taVNS effect on HRV

compared to sham (left

earlobe)

(Continued)
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Study Site N Stimulation parameters Autonomic parameters Findings

Burger et al. (2019a) Cymba conchae (left) 58 30 s on, 30 s off; 0.5 mA,

250 µs, 25 Hz

RMSSD No taVNS effect on HRV

compared to sham (left

earlobe)

Burger et al. (2019b) Cymba conchae (left) 97 30 s on, 30 s off; 0.5 mA,

250 µs, 25 Hz

RMSSD No taVNS effect on HRV

compared to sham (left

earlobe)

Vosseler et al. (2020) Cymba conchae (left) 15 30 s on, 30 s off; 25 Hz;

taVNS: 2.5 mA � SD 0.9

; sham: 3.2 mA � SD 1.5

RMSSD, LF, HF, LF/HF No taVNS effect on HRV

compared to sham (left

earlobe)

Machetanz et al. (2021) 6 targets including

cymba conchae (bilat-

eral) and tragus (inner

and outer; bilateral)

13 30 bursts; 1 Hz periodic-

ity, 25 Hz stimulation

RR mean, SDNN,

RMSSD, pNN50, SD1,

SD2, rrHRV relative

taVNS effect on im-

proved HRV with 2 mA,

100 µs
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2.5 Visually Induced Motion Sickness

Although motion sickness is common, it is also a complex syndrome; with a multitude

of symptoms that can have negative consequences for susceptible individuals even

at mild levels – for instance, reducing cognitive multitasking performance (Matsangas,

McCauley and Becker, 2014). But it has long remained unclear as to what its under-

lying physiological causes are. In a review that describes some of the factors that

contribute to motion sickness besides nausea and vomiting, Lackner (2014) addition-

ally discussed the three major hypotheses that have been debated among researchers

over the past several decades; the evolutionary, ecological, and sensory con�ict theo-

ries.

The evolutionary theory posits that our vestibular (balance) system may have been

designed to detect ingested toxins, therefore motion sickness arises because there

is a neurotoxin that has been ingested that we need to be protected from and thus

vomiting is initiated (Money, 1990; Treisman, 1977); whereas, the ecological theory

– which is based on postural instability – states that we become sick because we

are in a new situation/environment wherein we do not yet possess or have learned

effective coping strategies to maintain postural stability (Riccio and Stoffregen, 1991).

To date, the sensory con�ict theory is the most in�uential; it posits that because of

ambiguous sensory information from our eyes and the vestibular, motion sickness is

onset (Reason, 1969, 1970, 1978; Reason and Brand, 1975; Oman, 1990; Bles et al.,

1998; Bos, Bles and Groen, 2008). This latter theory is the one considered for the

explanation of motion sickness herein.

Importantly, it is worth highlighting that, of the manifold theories proposed to explain

the enigma of motion sickness, what remains consistent is that the vestibular appara-

tus – which resides in a structure referred to as the labyrinth in the inner ear (Yates and

Miller, 2019) – is noted as a crucial component for malaise to arise. Early evidence

demonstrated that stimuli that would normally trigger motion sickness has no effect in

individuals with bilateral vestibular dysfunction (Reason, 1978; Cheung, Howard and
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Money, 1991; Maruta, 2024). It must also be mentioned that although the visual sys-

tem is associated with effective motion sickness generation alongside the vestibular

system, visual signals are not necessarily essential for induction of motion sickness,

as indicated by previous work demonstrating that blind individuals are susceptible to

motion-induced malaise (Graybiel, 1970).

Because balance is a function of multiple inputs (Angelaki and Cullen, 2008), the

neurobiology of motion sickness is complex and remains less well understood. How-

ever, recent evidence for the existence of “sensory con�ict” neurons and their putative

role in motion sickness (Oman and Cullen, 2014), has provided marked progress in

parsing the neurobiological underpinnings of this elusive malady. Furthermore, previ-

ous research has pointed to a key role for the NTS, lateral tegmental �eld (LTF), and

parabrachial nucleus (PBN) brainstem areas, in the integration of signals contributing to

nausea and vomiting via mapping of neuronal activity during emetic responses (Yates

et al., 2014; Lackner, 2019). In a recent mouse model study, Machuca-Márquez et al.

(2023) provide further support for the role of the vestibular system in the development

of motion sickness, and extend on this notion by describing the vestibular pathways

eliciting motion-induced nausea responses; in addition to identifying a central role

for cholecystokinin (CCK)-expressing vestibular neurons in motion-induced malaise.

While motion sickness remains a complex syndrome, these previous studies have pro-

vided greater insight into the neural substrates of motion-induced nausea.

As brie�y mentioned in the Overview section of Chapter 1, motion sickness is char-

acterised primarily by nausea and vomiting; other symptoms include – but are not

limited to – sweating, dizziness, drowsiness, headache, eyestrain, and elevated levels

of plasma vasopressin (Golding and Gresty, 2015). We have long known that some of

these objective signs of motion-induced malaise are autonomically mediated (Money,

Lackner and Cheung, 1996; Himi et al., 2004). Examining the evidence in support of

this notion in their systematic review and meta-analysis study, Farmer et al. (2014b)

demonstrated that a marked decrease in parasympathetic nervous system tone – as

computed from measures of cardiac function – is observed in individuals susceptible
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to visually induced motion sickness; furthermore, the study also suggested that base-

line autonomic characteristics are not useful measures for predicting who is likely to

develop motion-induced nausea. Behaviourally, while severe motion sickness can eas-

ily be identi�ed in individuals through signs such as emesis, a study by Matsangas

and McCauley (2014) introduced evidence to suggest that yawning may have an im-

portant role as a behavioural marker of mild motion-induced malaise, including sopite

syndrome.

Markers for motion sickness susceptibility are in�uenced by various factors, such

as age, sex, and genetics. Previous studies have found that children particularly in

the age range of 6-12 years, including females have a high propensity to develop

motion sickness (Klosterhalfen et al., 2005; Bos et al., 2007; Paillard et al., 2013);

for children, susceptibility exhibits an differential increase and a peak at around 9

years (Henriques et al., 2014). While females are known to be markedly susceptible to

malaise than males, it has been suggested that this effect is small compared to that of

age (Golding and Gresty, 2015). Genetic in�uences on motion sickness susceptibility

have been supported by both early and recent studies (Abe, Oda and Hatta, 1984;

Reavley et al., 2006; Hromatka et al., 2015). Furthermore, individuals who experience

migraine headaches (Marcus, Furman and Balaban, 2005), and those with history of

traumatic brain injury (Classen and Owens, 2010) are known to be particularly prone

to this malady.

Research from neuroimaging studies has now demonstrated that ambiguity in sen-

sory information, particularly arising from visual stimulation, triggers prominent areas

of the brain, for example the limbic system (known for regulating autonomic and en-

docrine function) (Napadow et al., 2013; Lackner, 2019) and the insula (also involved

in autonomic regulation) (Sclocco et al., 2016). In addition, a motion video was shown

to elicit autonomic changes leading to increased sympathetic and reduced parasym-

pathetic activities of the ANS (Farmer et al., 2015). Here, I examine the evidence for

these motion sickness-induced nausea neural and autonomic perturbations.
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2.5.1 Neural Effects of Motion Sickness

At the time of writing, conducting a PubMed search using the terms (“motion sickness”

AND “EEG”) without any restrictions, produces a graph that suggests that the past

decade has seen an increasing interest in the mechanisms by which motion sickness

in�uences the brain. We have long known that motion sickness changes brain cortical

activity. Here, I examine evidence for the effects of motion-induced nausea on the

human brain. I focus on research employing non-invasive neuroimaging techniques

including EEG, fMRI, and fNIRS (Table 3); for EEG studies, I restrict our scope to at

least 32-channel neural recordings.

Because of its high temporal resolution, in addition to the observation that most

studies utilise simulators, or VR tools (Table 3), EEG is often the preferred modality for

examining neural changes induced by motion sickness. Mounting evidence shows that

motion sickness perturbs these slow oscillations of the brain (i.e., delta, theta, alpha).

Previous studies using various stimuli for nausea induction, such as a VR driving sim-

ulator (Chen et al., 2009; Huang, Jung and Makeig, 2009; Chen et al., 2010; Chuang

et al., 2016; Huang et al., 2021), 3D movie (Naqvi et al., 2015), and 3D VR video (Kim

et al., 2019), reported differential brain activity in these frequency brands, with very

mixed results. For example, while Naqvi et al. (2015) observed a reduction in EEG

theta spectral power, other studies found an increase (Huang, Jung and Makeig, 2009;

Chen et al., 2010); although it is worth noting that these changes were observed at

different regions of the brain (Table 3). Moreover, although studies using a VR driving

simulator have consistently demonstrated increased EEG spectral power in the occip-

ital, parietal, and somatosensory (left and right motor) brain areas, Huang, Jung and

Makeig (2009) observed that EEG alpha spectral power exhibits distinct suppression

or augmentation over time in motion sickness. This may also explain why �ndings have

been mixed; that is, depending on which parts of the EEG signal may reveal different

results, perhaps because malaise might not be severe at those timepoints.

EEG beta spectral power increase has also been observed (Lin et al., 2007; Naqvi

et al., 2015); and in one study (Chuang et al., 2016), increased gamma oscillations

were observed in motor, parietal, and occipital brain areas. Collectively, these EEG
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�ndings implicate motion-induced nausea to different neural responses across various

EEG frequency bands. Analyses of fNIRS data in one study (Zhang et al., 2020) also

revealed disrupted brain dynamics in regions including frontal, parietal, and occipital

cortices in straight and curved simulated driving conditions; increased frontal and oc-

cipital activity was noted in both driving conditions (Zhang et al., 2020).

Considering fMRI data, in their pivotal study, Napadow et al. (2013) implicated mo-

tion sickness with increasing phasic activity preceding nausea in amygdala, putamen,

and dorsal pons/locus ceruleus, including increasing sustained response following in-

creased nausea in a broader network encompassing insular, anterior cingulate, or-

bitofrontal, somatosensory and prefrontal cortices. Furthermore, the authors noted

a strong link between sustained anterior insula activation to strong nausea and mid-

cingulate activation (Napadow et al., 2013). However, an important limitation to high-

light regarding this previous study is that only females were recruited for participation,

and thus, hampering its �ndings to be generalised. In fact, this limitation may have

contributed to the contrasting �ndings observed by Farmer et al. (2015) in their much

larger study, who implicated motion-induced nausea with inferior frontal gyrus including

a negative correlation with the cerebellar tonsil, declive, lingual gyrus, culmen, cuneus

and posterior cingulate cortex. Another possible explanation for the differences in both

these studies could be attributed differences in methodology as Farmer et al. (2015)

points out.

In addition to the aforementioned fMRI studies, recent fMRI data were provided

by Ruf�e et al. (2019); implicating motion-induced nausea with a functional brain net-

work including thalamus, anterior, middle and posterior cingulate cortices, caudate

nucleus and nucleus accumbens, while also observing previously identi�ed brain re-

gions such as amygdala and putamen. sLORETA analyses performed by Kim et al.

(2019) revealed previously observed brain regions comprising the cuneus and poste-

rior cingulate cortex. Overall, functional brain studies, including the EEG-based based

using sLORETA provide evidence for effects of motion-induced nausea on regions of

the brain responsive when there are elevated levels of autonomic arousal.
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Table 3: Brain effects of motion sickness in healthy human participants.

Study Modality Stimulus N Findings

Lin et al. (2007) EEG VR driving simulator 9 EEG power increase in 8-10 Hz and 18-20 Hz in parietal and motor areas

Chen et al. (2009) EEG VR driving simulator 19 EEG power alpha increase or decrease in parietal and somatosensory (left and

right motor) areas

Huang et al. (2009) EEG VR driving simulator 11 EEG power increase in delta, theta, alpha in occipital, posterior parietal, and mid-

dle temporal cortex. Strong increases observed in alpha in occipital and parietal

areas

Chen et al. (2010) EEG VR driving simulator 19 EEG power decrease in alpha in parietal and motor areas. Occipital delta, and

theta power increase. Broadband power increase in occipital midline

Napadow et al. (2013) fMRI Nauseogenic stimulation

(black and white stripes)

28 Increasing phasic activity preceding nausea in amygdala, putamen, and dorsal

pons/locus ceruleus. Increasing sustained response following nausea in broader

network including insular, anterior cingulate, orbitofrontal, somatosensory, and

prefrontal cortices. Sustained anterior insula activation to strong nausea revealed

a strong link with midcingulate activation

Naqvi et al. (2015) EEG 3D movie 46 EEG power decrease in theta (frontal), beta (temporal) with 3D movie

Farmer et al. (2015) fMRI Motion video 28 Left anterior cingulate cortex; Positive correlation between nausea VAS scores

and left inferior and middle occipital gyri activation; Negative correlation between

nausea VAS scores and right cerebellar tonsil, declive, culmen, lingual gyrus, and

cuneus

Chuang et al. (2016) EEG VR driving simulator 19 Spectrally �xed and temporally independent modulators revealed increased alpha

and gamma in motor, parietal, and occipital areas

(Continued)
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Study Modality Stimulus N Findings

Ruf�e et al. (2019) fMRI Motion video 28 Increased nausea scores positively linked with morphological variation of the left

amygdala, right caudate, and bilateral putamen; Functional brain network impli-

cating the thalamas, anterior, middle, and posterior cingulate cortices, caudate

nucleus and nucleus accumbens

Kim et al. (2019) EEG 3D VR video 30 Increases in SSQ measures; Increased alpha1 (8-10 Hz) in cuneus (sLORETA)

and alpha2 (10-12 Hz) in cuneus and posterior cingulate cortex (sLORETA); Neg-

ative correlation between change in SSQ scores and change in posterior cingu-

late gyrus activation

Zhang et al. (2020) fNIRS VR driving simulator 52 Straight driving condition: increase (occipital, frontal), decrease (posterior frontal

cortex, postcentral gyri, anterior frontal cortex, lower parietal cortex); Curved driv-

ing condition: increase (occipital, frontal), decrease (posterior prefrontal cortex,

posterior frontal cortex, postcentral gyri)

Huang et al. (2021) EEG VR driving simulator 18 Passengers exhibited independent modulator power increase in alpha (8-12 Hz)

in parietal, occipital midline, and left and right motor areas; Drivers showed rela-

tively smaller increases in alpha (8-12 Hz) power
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2.5.2 Autonomic Effects of Motion Sickness

We have long known that motion sickness changes ANS response, but the mecha-

nisms remain unclear. An early exhaustive review by Money (1970) noted inconsisten-

cies both in the methods and the results reported by studies seeking to understand

the importance of ANS in motion sickness. Although since then the landscape of

techniques used to study motion sickness has improved, the evidence of autonomic

changes implicated with motion sickness is mixed. In a relatively recent review, Farmer

et al. (2014b) concluded that while baseline parasympathetic nervous system param-

eters are not reliable for predicting the probability of motion sickness, a decrease in

parasympathetic tone was a key characteristic in sensitive individuals.

A myriad of studies have examined the autonomic changes induced by the sub-

jective sensation of motion sickness. Here, while keeping the theme of examining

evidence for motion sickness in�uence on parameters similar to those in the Auto-

nomic Effects of taVNS section above; I also survey autonomic parameters reported

for visually induced motion sickness that may not be presented above for our overall

understanding of this complex syndrome (Table 4).

Because chemotherapy-induced nausea has long been linked with a differential

reduction in cardiac parasympathetic activity, Gianaros et al. (2003) tested the hypoth-

esis that motion-induced nausea would relate with a time-related decrease in cardiac

parasympathetic activity. The authors exposed a cohort of 59 participants to a rotating

drum for nausea induction and measured RSA to estimate parasympathetic activity. A

marked reduction in RSA related with greater motion sickness severity was observed,

suggesting that parasympathetic withdrawal may be an important correlate of motion-

induced nausea (Gianaros et al., 2003). However, the �ndings of Himi et al. (2004)

were not consistent with that observation. This difference in reported �ndings could

have been due to different stimuli for nausea induction, including different modalities

used to assess autonomic nervous function – in Himi et al. (2004), HRV was used to es-

timate parasympathetic activity. Himi et al. (2004) also concluded that motion-induced

nausea had no effect on LF/HF.

While the work of Himi et al. (2004) and Naqvi et al. (2013) demonstrated that
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motion-induced nausea does not alter parasympathetic activity, sympathetic activity, or

their ratio (i.e., LF/HF), several other studies noted motion sickness-induced nausea

perturbations on autonomic function. Through stimuli such as rotating images (Yokota

et al., 2005), driving simulation (Zu�zewicz et al., 2011; Lin et al., 2011, 2013), and 3D

movie (Wibirama, Nugroho and Hamamoto, 2018), including visual stripes (LaCount

et al., 2009; Kim et al., 2011), a signi�cant reduction in cardiac parasympathetic activity

(HF or normalised HF), and marked increases in sympathetic activity (LF or normalised

LF), and LF/HF were shown.

Evaluating autonomic function using cardiac vagal tone (CVT) (Farmer et al., 2014a),

a real time index of brainstem parasympathetic nervous system efferent activity, and

cardiac sympathetic index (CSI) (Toichi et al., 1997), an index of cardiac sympathetic

activity, Farmer et al. (2015) found that 98 healthy participants presented with a 10 min

motion video showed an increase in CSI, and concomitant signi�cant reduction in CVT.

Taken together, the �ndings from these previous studies suggest that motion-induced

nausea elicits a differential reduction in parasympathetic tone.
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Table 4: Autonomic effects of motion sickness in healthy human participants.

Study Stimulus N Autonomic parameters Findings

Gianaros et al. (2003) Optokinetic drum 59 RSA Motion sickness severity linked with RSA reduction

Himi et al. (2004) Movie of oscillating pictures 17 LF, HF, LF/HF No motion-induced nausea effect on LF/HF

Yokota et al. (2005) Rotating image 15 LF, HF, LF/HF Severe malaise linked to increased LF, and LF/HF;

and decreased HF

LaCount et al. (2009) Nauseogenic stimulation (black

and white stripes)

10 HRV, SCL “No nausea”-to-“mild” revealed increased HF

power; Right before “strong” nausea, transient

HF increase observed

Zu�zewicz et al. (2011) Driving simulation 24 LF, HF, LF/HF Severe malaise found to increase LF, and LF/HF;

and decrease HF

Kim et al. (2011) Nauseogenic stimulation (black

and white stripes)

12 HR, HF Motion-induced nausea revealed increased HR

and decreased HF

Lin et al. (2011) VR driving simulator 5 LF, HF, LF/HF Increasing motion sickness levels found to in-

crease LF, and LF/HF; and decrease HF

Lin et al. (2013) VR driving simulator 20 Normalized LF and HF power,

LF/HF

Severe malaise linked to increased normalised LF,

and LF/HF; and decreased normalized HF

Naqvi et al. (2013) 3D movie 39 LF, HF, LF/HF No motion-induced nausea effect on LF/HF

Farmer et al. (2015) Motion video 98 CSI, CVT Motion-induced nausea increased CSI and de-

creased CVT

Wibirama et al. (2018) 3D movie 40 LF, HF, LF/HF Malaise exposure increased LF/HF
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2.6 Electrical Stimulation for Motion Sickness

Although no studies have examined the physiological and neural changes induced by

transcutaneous electrical stimulation of the vagus nerve, and whether these changes

are associated with improvements in motion sickness symptoms until now, several �nd-

ings in the literature support the hypothesis that non-invasive electrical stimulation may

provide therapeutic bene�ts for motion sickness sufferers. Table 5 provides a summary

of physiological and subjective effects of non-invasive electrical stimulation modalities

described for motion sickness management.

Galvanic vestibular stimulation (GVS) (Dlugaiczyk, Gensberger and Straka, 2019),

a technique whereby a small electric current is applied to the inner ear, was one of the

earliest tools to be investigated for relieving motion sickness symptoms. When applied

at 2.5 mA pulses for 20 minutes, GVS was demonstrated to improve the symptoms

of motion sickness as measured by the SSQ instrument in participants engaged in a

helicopter �ight simulation (Cevette et al., 2012). Con�rming this �nding but using a

different stimulus to induce motion sickness, Sra, Jain and Maes (2019) showed in a

repeated measures study that participants immersed in a virtual rollercoaster experi-

enced less malaise symptoms – evaluated using the SSQ – during GVS compared

to when GVS was not applied. Despite using a VR immersion stimulus similarly to

the study by Sra, Jain and Maes (2019), and even double the sample size (total,

n = 40), Weech, Wall and Barnett-Cowan (2020) did not observe any differences in

the SSQ measures between GVS and sham conditions. However, the authors addi-

tionally used the FMS instrument, which revealed signi�cant symptom improvements

during GVS exposure compared to sham in a post hoc analyses. This mixed �ndings

may be attributable to differences in stimulation parameters, duration of GVS stimula-

tion, and study design.

Using a modi�ed version of GVS, termed galvanic cutaneous stimulation (GCS),

whereby similar electrodes to GVS are applied, but positioned approximately 3–4 cm

below the mastoid process, on the cutaneous skin over the sternocleidomastoid mus-

cle (Reed-Jones et al., 2008), two previous studies showed that participants engaged in
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a driving simulation for nausea induction showed improved SSQ total symptoms when

comparing GCS to no stimulation (Gálvez-Garc�́a, Hay and Gabaude, 2015), and when

comparing to a baseline condition (Gálvez-Garc�́a et al., 2020). In (Gálvez-Garc�́a

et al., 2020), the authors further suggested combining GCS with auditory stimulation

(AS) to ameliorate motion sickness.

In a within-participants crossover study of 15 healthy young men, Chu et al. (2012)

investigated the effects of transcutaneous electrical nerve stimulation (TENS) – a well-

established therapeutic tool for pain management (Vance et al., 2014) – on motion

sickness induced by a Coriolis rotary chair. Motion sickness severity was evaluated

objectively using HR, HRV, and skin temperature, and subjectively using the MSSQ

and motion sickness symptom ratings (MSSR) instruments; including assessing for

cognitive function, salivary and cortisol concentrations, in addition to blood pressure.

The authors observed that in addition to participants exhibiting improvement in cogni-

tive function with TENS (100 Hz; intensity range = 1-10, 20 min) administration, par-

ticipants also showed increased parasympathetic activity accompanied by decreased

sympathetic activity – indicating parasympathetic predominance – and reduced motion

sickness symptoms with TENS intervention; which was administered at the midline

posterior nuchal region and right Zusanli acupoint.

In a subsequent study, Chu et al. (2013) investigated the effects of TENS on simu-

lator sickness – a syndrome akin to motion sickness (Du�zmańska, Strojny and Strojny,

2018) – induced by a �ight simulator. The authors administered 30 min of electrical

stimulation (100 Hz; intensity range = 1-10) compared to null stimulation, and evalu-

ated objective measures including HR, and HRV, and recorded subjective responses

of motion sickness severity using the MSSQ and SSQ instruments. Substantiating

their previous �ndings in Chu et al. (2012), the authors demonstrated improvements

in cognitive impairment, including observing a shift toward parasympathetic predomi-

nance as evaluated by the LF/HF, with higher and lower levels of parasympathetic and

sympathetic activity TENS, respectively. However, while Chu et al. (2013) observed

improvements in total scores of the SSQ, they did not �nd differences in the subscale

measures (nausea, oculomotor, and disorientation) of the same instrument. This is in
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contrast to previous �ndings applying GVS (Cevette et al., 2012; Sra, Jain and Maes,

2019), suggesting that TENS may be inducing therapeutic subjective effects in a dif-

ferent manner compared to GVS. Chu et al. (2013) also found that the MSSQ was a

poor predictor of motion sickness symptom severity; this was also observed to be the

case by a study characterising changes in functional brain networks and neuroanatomy

underpinning nausea severity (Ruf�e et al., 2019).

In addition to GVS, GCS, and TENS, a further electrical stimulation modality that

has been investigated for motion sickness is transcranial direct current stimulation

(tDCS) – a common non-invasive brain stimulation technique that applies weak elec-

trical currents for cortical excitability modi�cation (Nitsche et al., 2008). To exam-

ine whether suppression of vestibular activity using tDCS may alleviate motion sick-

ness, Arshad et al. (2015) stimulated healthy individuals undergoing off-axis rotation

for nausea induction using 1.5 mA tDCS pulses over the left parietal cortex for 15 min

prior a second bout of nausea induction. The authors observed that cathodal tDCS pro-

longed time to develop moderate nausea and that participants showed rapid symptom

relief. However, these �ndings have been challenged by recent studies suggesting that

no differences in the time to recovery prolongation of symptom onset exist in healthy

individuals receiving tDCS administration of similar stimulation parameters (Takeuchi

et al., 2018; Li et al., 2020). The work from Takeuchi et al. (2018) did demonstrate,

however, that there were improvements in the disorientation subscale measure of the

SSQ instrument – this instrument was not administered in the study by Arshad et al.

(2015).

In a more recent study (Zhao et al., 2022), the newly developed transcutaneous

electrical acustimulation (TEA) – which applies electrical stimulation to acupoints via

surface electrodes (Chen, Yin and Wei, 2017) – was employed to investigate its ther-

apeutic potential for motion sickness. Zhao et al. (2022) observed prolonged tolerable

time during motion sickness provocation using a rotary chair, in addition to noting low-

ered motion sickness symptom scores, and signi�cantly enhanced vagal activity as

measured by HRV, when comparing TEA with sham-TEA (whereby same electrical

stimulation parameters were applied but at a different location).
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Table 5: Electrical stimulation countermeasures for motion sickness.

Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Cevette et al. (2012) GVS Between 21 (6 F) Flight simulation 2.5-mA GVS pulse

for 20 m

SSQ GVS-induced

vestibular sen-

sations improved

gastrointestinal,

central, and pe-

ripheral symptom

scores compared

to a control group

Chu et al. (2012) TENS Within 15 (0 F) Rotary chair 100 Hz TENS

pulse for 20 m

MSSQ, MSSR,

BP, HR, HRV, Skin

temperature, sAA,

Cortisol, d2 test

TENS signi�cantly

lowered MSSR, LF

power, and LF/HF

ratio measures;

and increased HF

power. Cognitive

impairment im-

proved with TENS

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Chu et al. (2013) TENS Within 15 (0 F) Flight simulation 100 Hz TENS

pulse for 30 m

MSSQ, SSQ, HR,

HRV, sAA, Cortisol

TENS improved

SSQ total scores

but not nausea,

oculomotor, and

disorientation

subscale scores.

MSSQ was a poor

predictor of SS

symptom sever-

ity. TENS lowered

HR, LF power, and

LF/HF ratio mea-

sures; increased

HF power. Cog-

nitive impairment

improved with

TENS

Arshad et al. (2015) tDCS Mixed 20 Rotary chair 1.5 mA with a

ramp-up and fade-

out latency of 10

s

MSSQ, OVAR

duration, Onset of

symptom, Time to

recovery

tDCS (cathodal)

increased time to

moderate nausea

and improved time

to recovery

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Gálvez-Garc�́a et al. (2015) GCS Within 15 Driving simulation Individually

adapted stimulus

intensity (0.6-1.25

mA)

SSQ SSQ total scores

revealed signi�-

cant effect for the

experiment con-

dition, GCS curve

and intermittent

conditions showed

improved scores

compared to no

stimulation condi-

tion. GCS curve

and intermittent

conditions were

not different

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Takeuchi et al. (2018) tDCS Within 20 VR immersion

(rollercoaster)

tDCS: 1.5 mA for

15 m; sham: 1.5

mA for 30

SSQ, HR, Length

of COP

No effect of stimu-

lation condition

or stimulation

order for VR im-

mersion duration.

tDCS (anodal)

improved SSQ

disorientation sub-

scale scores com-

pared to sham and

cathodal tDCS

Sra et al. (2019) GVS Within 20 (12 F) VR immersion

(rollercoaster)

SSQ GVS improved

SSQ total, and

nausea, oculomo-

tor, and disorien-

tation subscale

scores compared

to no GVS

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Gálvez-Garc�́a et al. (2020) GCS Within 48 Driving simulation Monophasic sinu-

soidal: 20 Hz, 10

ms phase duration

and 40 ms inter-

phase duration;

0.5-1.3 mA (direct

current)

SSQ SSQ total scores

revealed a signif-

icant main effect

for experimental

condition. GCS,

AS, and GCS-AS

improved SSQ to-

tal scores. GCS

and AS were not

different; GCS-AS

was different from

AS and GCS

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Weech et al. (2020) GVS Mixed 40 (23 F) VR immersion GVS: � 1750 µA

for 15 s (5 s fade

in, 10 s exposure);

sham: 0 µA for 15

s (5 s fade in, 10 s

exposure)

FMS, SSQ Post-hoc analysis

revealed �rst FMS

repetition with

GVS compared

to sham for in-

tense VR content;

FMS repetition

10 scores were

improved during

GVS exposure

compared to sham

in post-hoc tests.

No difference be-

tween GCS and

sham in all SSQ

measures. SSQ

measures and

FMS (�nal rep-

etition) relations

found at various

VR immersion

levels

(Continued)
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Study Modality Design N Stimulus Stimulation pa-

rameters

Explored vari-

ables

Findings

Li et al. (2020) tDCS Mixed 20 VR immersion

(rollercoaster)

tDCS: constant

current of 1.5 mA

for 15 m (30 s

ramp up and 30

s ramp down);

sham: stimulator

turned off after

30 s ramp up and

ramp down period

Onset of symp-

tom, Time to re-

covery

Cathodal tDCS did

not delay onset of

moderate symp-

toms nor improve

time to recovery

compared to an-

odal tDCS

Zhao et al. (2022) TEA Within 50 Rotary chair TEA: 0.2 s on-time

and 0.3 s off-time,

0.5 ms pulse width

at 100 Hz, 2-10

mA; sham: same

parameters to

TEA applied at

a sham-acupoint

(15 to 20 cm away

from PC6)

HRV, AVP, NE TEA improved to-

tal tolerable time

of MS exposure,

normal gastric

slow waves (%),

and vagal ac-

tivity compared

to sham. Levels

of AVP and NE

were lowered by

TEA compared to

sham.
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2.7 Summary

This review has compiled evidence for the neuromodulatory effects of taVNS on the

human brain and autonomic function. While the brain data on taVNS from healthy in-

dividuals accumulated until today suggests that the modulatory role of this tool may be

examined in this manner, autonomic data is currently showing inconsistencies – at least

in human models. I noted that (among other differences) differential study methodology,

small sample sizes, and missing sham, are likely the explanation for these inconsisten-

cies. Here I also examined evidence for the in�uence of motion-induced nausea on the

brain, including the autonomic nervous system. I noted the effects of malaise on slow

oscillations of the brain, which may represent therapeutic target. Moreover, I found that

evaluation of autonomic function using HRV dynamics yielded �ndings that suggest

malaise produces a differential reduction in cardiac parasympathetic activity. Because

there is evidence for taVNS effects on cardiac vagal activity – albeit mixed – and the

observation that heretofore taVNS has not been investigated for motion sickness – a

research gap identi�ed in this review – I aim to harness this brain stimulation tool to

ask for its effects on motion-induced malaise.



Chapter 3

Materials and Methods

3.1 Introduction

I conducted two randomized controlled crossover studies in neurotypical human vol-

unteers (Figure 4). Both studies were conducted at the BioSensing Lab, School of

Computing, and were approved by the Central Research Ethics Advisory Group (ref:

CREAG015-12-2021) of the University of Kent. All experimental protocols were con-

ducted in accordance with the tenets of the Declaration of Helsinki for human research.

All participants provided written informed consent, and were eligible to withdraw their

participation without reprisal. Participants received a small honorarium for their partic-

ipation via an Amazon gift voucher. Hereinafter, the two studies are denoted as Study

1 and Study 2, respectively; and the data collected during each respective study are

denoted Dataset 1 and Dataset 2. Parts of this chapter are reproduced, with edits,

from Mole�, McLoughlin and Palaniappan (2023a, 2025).

The rationale for using a within-subjects study design is that this design is less af-

fected by inter-individual variability, and achieves adequate statistical power with a rel-

atively smaller sample size in comparison with between-subjects study designs. More-

over, this choice was guided by the review conducted in Section Electrical Stimula-

tion for Motion Sickness which revealed that within-subjects studies are more common

when investigating the effects of non-invasive electrical stimulation in motion-induced

nausea.

48
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Figure 4: Experimental overview illustrations. (a) For active taVNS, the electrode was
clipped to the tragus of the left ear. (b) And clipped to the left earlobe for sham stimu-
lation. (c) The schematic of the randomized, sham-controlled, crossover design time-
line. (d) For a typical lab visit, participants completed a pre and post motion sickness
assessment questionnaire (MSAQ) and simulator sickness questionnaire (SSQ); ad-
ditionally, participants underwent a baseline period, followed by nauseogenic visual
stimulation concurrent with electrical stimulation (taVNS or sham), then a recovery pe-
riod, while electroencephalogram (EEG) and electrocardiogram (ECG) acquisition was
performed.

3.2 Participants

For both studies, all participants had normal or corrected-to-normal vision, were 18

years or older, healthy (i.e., no medical history of stroke, epilepsy or any neurological

disorders), were not taking any medication, were not using a pacemaker, had no metal

plates in their body, could sit alert during the length of the experiments, and had English

knowledge to read and understand the information provided. In Study 1, 16 healthy

volunteers were recruited, but one participant was excluded due to loss of follow-up.

Thus n = 15 subjects were retained (mean age � SD = 28.2 � 7.0 years, age range
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= 21-49 years, 12 females). In Study 2, I recruited a total of 45 healthy participants

following written informed consent, of whom n = 42 were retained (mean age � SD =

23.7 � 6.7 years, age range = 18-49 years, 31 females) for further analysis after one

participant was excluded due to not enough data, and two due to loss of follow-up.

3.3 Experimental Protocol

In both studies, I used a randomized, sham-controlled, crossover experimental design.

Participants were required to attend two electrical stimulation sessions of sham and

taVNS via two lab visits that were scheduled apart by at least 1 week, to allow for

washout of any stimulation effects. The sequence of sham and taVNS administration

was randomized and not disclosed to subjects. For each experimental session, partic-

ipants were exposed to a contiguous visual stimulus, which comprised a baseline pe-

riod of 10 min crosshair �xation, followed by nauseogenic visual stimulation (see Nau-

seogenic Stimulation) concurrent with electrical stimulation (see Electrical Stimulation)

for a maximum of 20 min, and �nally, a recovery period presented similar to base-

line (Figure 4d). During nauseogenic visual stimulation, participants continuously rated

the perceived intensity of their nausea sensation, uncued, by pressing on a keypad

where (0 = “no nausea”; 1 = “mild”; 2 = “moderate”; and 3 = “strong”). The keypad

also allowed participants to stop presentation of the nauseogenic visual stimulus when

on the verge of vomiting – triggering automatic launch of the recovery period. None

of the participants vomited during or after exposure to nauseogenic visual stimulation;

however, one participant retched during nausea induction, and was one of the partic-

ipants absent at a follow-up session. Electrical stimulation was delivered at the left

tragus during active taVNS lab visits (Figure 4a), and at the left earlobe during sham

lab visits (Figure 4b). For safety reasons and smooth running of the experiment, the ex-

perimenter was present in the lab but kept out of view. EEG and ECG acquisition was

performed continuously between baseline onset and recovery offset, during which par-

ticipants were required to minimize body movements and conversation, and to focus on

stimuli presentation. To measure motion sickness, participants completed a pre- and
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post-treatment motion sickness assessment questionnaire (MSAQ) (Gianaros et al.,

2001) and simulator sickness questionnaire (SSQ) (Kennedy et al., 1993) (see Sec-

tion Behavioral Data Acquisition for details). Overall, the duration of each experiment

was in the range 60-90 min.

3.4 EEG and ECG Data Acquisition

I performed 64-channel EEG and modi�ed Lead II ECG data acquisition using the

BioSemi ActiveTwo system (BioSemi B, V., Amsterdam, Netherlands). During project

setup, the BioSemi system, which initially could only record 32-channel EEG, was up-

graded to provide 64-channel EEG acquisition. Figure 5 shows the BioSemi system

opened from the top during a 64-channel upgrade. Among other reasons, 64-channel

recordings would allow for a deeper understanding of how motion sickness affects the

human brain, including how effects induced by taVNS that may underlie the dampen-

ing of motion sickness symptoms are represented in the brain. Moreover, high-density

EEG would allow for analysis such as EEG-based brain source localization to be per-

formed on the recorded data [see Exact LORETA (eLORETA)]. As a side note, to main-

tain the electrodes, I performed regular cleaning after each experimental recording.

Moreover, electrodes were routinely tested for defects via a process known as “The

Bucket Test” (https://www.biosemi.com/faq/check electrodes.htm).

The electrophysiological signals were recorded continuously for the duration of

each experiment, and digitized at a sampling frequency of 256 Hz (2048 Hz with a

decimation factor of 1/8) using LabVIEW (National Instruments, USA) software running

on a MacBook Pro with 2.3 GHz Dual-Core Intel Core i5 and 8 GB of RAM. Electrode

(Ag/AgCl pin-type) signal transduction was optimised by applying Signagel® (Parker

Laboratories Inc., Fair�eld, NJ) conductive gel, and electrode offset was within � 10

µV. EEG electrode locations conformed to the extended international 10/20 system.

Data acquisition was referenced to the common mode sense (CMS) and grounded to

the driven right leg (DRL) electrodes. The recorded data were persisted as .bdf �les for

of�ine processing. The details for this of�ine processing are described elsewhere (i.e.,
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