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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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24 Poincaré plots illustrations for Baseline and Nausea states for two exam-

ple participants. Reproduced and rearranged from Molefi, McLoughlin

and Palaniappan (2023c). . . . . . . . . . . . . . . . . . . . . . . . . . . 111

25 Nonlinear HRV comparisons for Baseline and Nausea states for all par-

ticipants (n = 14) (a) Sample entropy (SampEn), (b) Fuzzy entropy

(FuzzyEn), (c) Largest Lyapunov exponent (LLE). Adapted from a poster

for Molefi, McLoughlin and Palaniappan (2023c). . . . . . . . . . . . . . 112

26 Time- and frequency-domain HRV comparisons for sham and taVNS

conditions for all participants (n = 32) (a) Root mean square of succes-

sive differences of NN intervals (RMSSD), (b) Percentage of successive

NN intervals that differ by > 20 ms (pNN20), (c) Percentage of succes-

sive NN intervals that differ by > 50 ms (pNN50), (d) high frequency

HRV power (HF). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

27 Attractor features show marked reductions by taVNS versus sham stim-

ulation. (a-d) Violin plots showing attractor measures as percentage

change from baseline across all participants for N = 3, 4, 5, 6 embed-

dings during sham and taVNS administration. (e-h) And following sham

and taVNS administration. Solid lines indicate mean; dashed lines indi-

cate median. n.s., not significant. Reproduced from Molefi, McLoughlin

and Palaniappan (2024). . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

xvii



28 Generation of a two-dimensional (2D) attractor from an electrocardio-

gram (ECG) signal. (a) A 10 s ECG signal for one example partici-

pant. (b) A three-dimensional (3D) reconstructed attractor for N = 3

embedding using Takens’ delay coordinates. (c) A 3D reconstructed at-

tractor projected onto a plane (v, w) perpendicular to the vector [1, 1, 1].

(d) A 2D attractor overlaid with a density (i.e., heatmap). Reproduced

from Molefi, McLoughlin and Palaniappan (2024). . . . . . . . . . . . . . 123

29 Example attractors for embedding dimensions N = 3, 4, 5, 6, generated

from electrocardiogram (ECG) signals of a participant at baseline (i.e.,

rest) and during nausea states. Modified from Molefi and Palaniappan

(2024). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

30 Deep transfer learning of ECG-derived attractor image data from ECG

signals recorded at Baseline and Nausea states. Adapted from a poster

for Molefi and Palaniappan (2024). . . . . . . . . . . . . . . . . . . . . . 127

31 (a-f) ROC curves of all explored pretrained deep neural networks and

embedding dimensions showing the true positive rate (TPR), or sensitiv-

ity, versus the false positive rate (FPR), or 1-specificity, for the “nausea”

class. Reproduced from Molefi and Palaniappan (2024). . . . . . . . . . 130

32 Electrocardiogram (ECG)-derived symmetric projection attractor recon-

struction (SPAR) images in response to sham and taVNS. (sham) The

(N, k) attractors generated from a 10 s ECG signal of one example par-

ticipant for N = 3, 4, 5, 6 embeddings from sham condition, (taVNS) and

taVNS condition. Reproduced from Molefi, McLoughlin and Palaniappan

(2024). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

xviii



List of Codes

5.1 Mean subtraction and cubic spline interpolation for HRV spectral power

decomposition via FFT- or wavelet-based PSD estimates. . . . . . . . . 94

5.2 Computing the smoothed pseudo Wigner-Ville distribution (SPWVD). . . 102

5.3 MATLAB code to compute average cycle length (ACL) via the Fourier

transform. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1 Performing SVD on mean-subtracted attractor image data. . . . . . . . 124

6.2 Attractor image category (baseline vs. nausea) classification using bag

of features. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.3 A Slurm script to request the required GPU resources. . . . . . . . . . . 128

B.1 Nauseogenic visual stimulus. . . . . . . . . . . . . . . . . . . . . . . . . 202

xix



List of Abbreviations

ANS Autonomic nervous system

AUC Area under the ROC curve

BA Brodmann area

BOLD Blood oxygen level dependent

CNN Convolutional neural network

CNS Central nervous system

CV Cross-validation

DL Deep learning

dlPFC Dorsolateral prefrontal cortex

ECG Electrocardiogram

EEG Electroencephalogram

eLORETA Exact low-resolution brain electrical tomography

FFT Fast Fourier transform

fMRI Functional magnetic resonance imaging

FuzzyEn Fuzzy entropy

HF High frequency

xx



HRV Heart rate variability

ICA Independent component analysis

LC Locus coeruleus

LF Low frequency

LLE Largest Lyapunov exponent

LOPOCV Leave-one-participant-out cross-validation

LORETA Low resolution brain electrical tomography

MFG Middle frontal gyrus

ML Machine learning

MNI Montreal Neurological Institute

MOG Middle occipital gyrus

MSAQ Motion sickness assessment questionnaire

NTS Nucleus tractus solitarius

PCG Precentral gyrus

PHG Parahippocampal gyrus

PSD Power spectral density

RMSSD Root mean square of successive differences

ROC Receiver-operating characteristic curve

RPCA Robust principal component analysis

SampEn Sample entropy

SDNN Standard deviation of NN intervals

SEM Standard error of the mean

xxi



SGDM Stochastic gradient descent with momentum

sLORETA Standardized low-resolution brain electrical tomography

SMG Supramarginal gyrus

SnPM Statistical non-Parametric Mapping

SPAR Symmetric projection attractor reconstruction

SPWVD Smoothed pseudo Wigner-Ville distribution

SSQ Simulator sickness questionnaire

SVD Singular value decomposition

taVNS Transcutaneous auricular vagus nerve stimulation

tcVNS Transcutaneous cervical vagus nerve stimulation

tDCS Transcranial direct current stimulation

TEA Transcutaneous electrical acustimulation

TENS Transcutaneous electrical nerve stimulation

tVNS Transcutaneous vagus nerve stimulation

VNS Vagus nerve stimulation

xxii



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 conflicts; a phenomenon known as sensory conflict or neural mismatch (Rea-

son and Brand, 1975; Reason, 1978; Oman, 1990, 1991). This sensory conflict 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 sufficient exposure to a provocative

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

1



1.1. OVERVIEW 2

tolerate sensory conflict, 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 flight experiments (Graybiel and Lackner, 1987). Because

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

panied by a conglomeration of significant features such as cold sweating, dizziness,

and drowsiness, among others (Lackner, 2014) – which detrimentally influence 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

efficacy 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 field 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 findings,

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. Specifically, 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 findings that provide an increasingly better understand-

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

tion can demonstrate beneficial 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; Molefi, 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 significant contribution suggesting, for the first time,

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

activity analysis (Molefi, 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 (Molefi, 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 (Molefi,

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

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

stimulation in attenuating motion sickness severity (Molefi, 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 (Molefi, 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 finding showing that pretrained deep neural networks

can be fine-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 (Molefi and Palaniappan, 2024).

Together, the scientific 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 findings

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

• Molefi, 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.

• Molefi, 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

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

transauricular electrical stimulation to reduce visually induced motion sickness.

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

Conference Proceedings

https://doi.org/10.1007/s10548-024-01088-6
https://doi.org/10.1038/s41598-023-29765-9
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• Molefi, 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

• Molefi, 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

• Molefi, 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 find

it useful to consider going over the Materials and Methods chapter first – 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

https://doi.org/10.22489/CinC.2024.212
https://doi.org/10.22489/CinC.2024.212
https://doi.org/10.1109/EMBC40787.2023.10340636
https://doi.org/10.1109/EMBC40787.2023.10340636
https://doi.org/10.1109/EMBC40787.2023.10340374
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branch of the vagus nerve. It identifies 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 findings 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 first time, symmetric projection attractor reconstruction

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

ness. The findings 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 findings and conclusions is provided. Specifically, 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 findings herein.

8 Conclusions and Future Directions

This chapter summarises the findings presented in the thesis, and how the scientific

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 flights, 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 find

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 field 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 fields, 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 fluid, 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 (δ; ∼0.2-3.5 Hz), theta (θ; ∼4-7.5 Hz), alpha (α;

∼8-13 Hz), beta (β; ∼14-30 Hz), gamma (γ; ∼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 specific 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 fibers, 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 reflects 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 fibers 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 influence 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 findings 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 identified 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, findings 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 findings are interesting and have potential to further under-

standing of mechanisms by which taVNS influences brainstem neuronal response,

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

thus, warranting caution when interpreting findings 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 significantly re-

duced the LF/HF; this finding 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 findings

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 Significant 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 conflict 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 conflict theory is the most influential; 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 conflict” 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 field (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 briefly 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 identified 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 influenced 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 influences 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

influences 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 findings 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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findings 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 findings to be generalised. In fact, this limitation may have

contributed to the contrasting findings 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 Ruffle 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 identified 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 fixed 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

Ruffle 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 influence 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 findings of Himi et al. (2004)

were not consistent with that observation. This difference in reported findings 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 (Zużewicz 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 significant 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 significant reduction in CVT.

Taken together, the findings 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

Zużewicz 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 find-

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

provide therapeutic benefits 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 flight simulation (Cevette et al., 2012). Confirming this finding 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 significant symptom improvements

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

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

tion, and study design.

Using a modified 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-Garcı́a, Hay and Gabaude, 2015), and when

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

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 (Dużmańska, Strojny and Strojny,

2018) – induced by a flight 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 findings 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 find differences in the subscale

measures (nausea, oculomotor, and disorientation) of the same instrument. This is in
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contrast to previous findings 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 (Ruffle 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 modification (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 findings 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 significantly 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 significantly

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-Garcı́a et al. (2015) GCS Within 15 Driving simulation Individually

adapted stimulus

intensity (0.6-1.25

mA)

SSQ SSQ total scores

revealed signifi-

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-Garcı́a 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 first 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 (final 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 influence 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 findings 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 identified 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 Molefi, 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 fixation, followed by nauseogenic visual stimulation (see Nau-

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

for a maximum of 20 min, and finally, 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 modified 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., Fairfield, 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 files for

offline processing. The details for this offline processing are described elsewhere (i.e.,

https://www.biosemi.com/faq/check_electrodes.htm
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the respective Methods of chapters Effects of taVNS on the Human Brain in Visually

Induced Motion Sickness, Autonomic Effects of taVNS on Visually Evoked Motion Sick-

ness in Humans, and Using Supervised Learning to Predict Motion-Induced Nausea,

and Effects of taVNS).

Figure 5: A BioSemi ActiveTwo system opened from the top and being upgraded to
use 64 channels.

3.5 Behavioral Data Acquisition

3.5.1 Motion Sickness Susceptibility Questionnaire (MSSQ)

In Study 2, I prescreened all participants with the previously validated motion sickness

susceptibility questionnaire short-form (MSSQ-Short) (Golding, 2006) – a condensed

version of the early MSSQ (Golding, 1998) – to determine their propensity to motion

sickness. I included participants reporting a percentile score > 60 (corresponding to
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an MSSQ raw score of 14.36), based on prior autonomic and neuroimaging studies in-

vestigating motion sickness-induced nausea (e.g., LaCount et al., 2011; Sclocco et al.,

2016; Toschi et al., 2017). Previous research has demonstrated that participants re-

porting MSSQ scores > 60 experienced moderate nausea in response to nauseogenic

visual stimulation more reliably and rapidly compared to participants who scored below

this inflection point (Golding, 1998). The MSSQ-Short prompts participants to recall ex-

periences of nausea or vomiting at childhood (below 12 years of age; MSA), and over

the last decade (MSB) following various transport or entertainment modalities. Data

were scored using guidance from Golding (2006). Table 6 shows the MSSQ-Short form

with an example (ticks) where recalled experiences were indicated. To perform scoring,

the number of ticks in the ‘t’ column (Table 6) are totalled for both MSA (Child) and MSB

(Adult). In addition, the totals of the sickness scores for each mode of transportation

– from ‘cars’ to ‘big dippers’ – computed using the 0-3 score keys for each respective

column for both MSA and MSB (Table 6). These computations are illustrated using

formulae below Golding (2006).

MSA =
(total sickness score child) × 9

9 − (number of types not experienced as a child)

=
(2 + 9)× 9

9 − (3)

= 16.5

(1)

MSB =
(total sickness score adult) × 9

9 − (number of types not experienced as a adult)

=
(2 + 6 + 6)× 9

9 − (0)

= 14

(2)

MSSQ raw score = MSA + MSB

= 16.5 + 14

= 30.5

(3)
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Percentile conversions were performed using a close approximation provided by

the fitted polynomial

MSSQ percentile score = ax + bx2 + cx3 + dx4 (4)

where ‘x’ is the MSSQ-Short raw score obtained using Equation (3), with a =

5.1160923, b = -0.055169904, c = -0.00067784495, and d = 0.000010714752 (Gold-

ing, 2006).

3.5.2 Motion Sickness Assessment Questionnaire (MSAQ)

To quantify the experience of motion sickness, participants completed the validated

motion sickness assessment questionnaire (MSAQ) (Gianaros et al., 2001) – a tool

that additionally measures motion sickness as a multidimensional construct with gas-

trointestinal, central, peripheral and sopite-related clusters. The MSAQ instrument is

composed of 16 motion sickness symptoms with a Likert-type scale (1-9 = “not at all”

to “severely”). Data were scored according to instructions outlined in Gianaros et al.

(2001). Table 7 shows the MSAQ form with example (ratings) provided next to each

symptom. To compute the MSAQ total and subscale scores, ratings provided in Ta-

ble 7 are subjected to formulae given below using the legend (G, gastrointestinal; C,

central; P, peripheral; S, sopite).

MSAQscore =
∑16

i=1 Qi

144
× 100

=
62

144
× 100

= 43.06

(5)

Gscore =
∑4

i=1 Qi

36
× 100

=
19
36

× 100

= 52.78

(6)
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Table 6: Motion sickness susceptibility questionnaire short-form (MSSQ-Short) (modi-
fied from Golding, 2006). 

This questionnaire is designed to find out how susceptible to motion sickness you are, and 
what sorts of motion are most effective in causing that sickness.  Sickness here means 
feeling queasy or nauseated or actually vomiting.   
 
Your CHILDHOOD Experience Only (before 12 years of age), for each of the following 
types of transport or entertainment please indicate:  
 
1. As a CHILD (before age 12), how often you Felt Sick or Nauseated (tick boxes):  

 
  Not  

Applicable  
- Never  

Travelled  

Never  
Felt Sick  

Rarely  
Felt Sick  

Sometimes 
Felt Sick  

Frequently 
Felt Sick  

Cars       ü  
Buses or Coaches      ü 
Trains  ü     
Aircraft   ü    
Small Boats  ü     
Ships, e.g. Channel Ferries  ü     
Swings in playgrounds   ü    
Roundabouts in playgrounds      ü 
Big Dippers, Funfair Rides      ü 

 t (3) 0 (2) 1 (0) 2 (1) 3 (3) 
 
Your Experience over the LAST 10 YEARS (approximately), for each of the following 
types of transport or entertainment please indicate:  
 
2. Over the LAST 10 YEARS, how often you Felt Sick or Nauseated (tick boxes):  

 
  Not  

Applicable  
- Never  

Travelled  

Never  
Felt Sick  

Rarely  
Felt Sick  

Sometimes 
Felt Sick  

Frequently 
Felt Sick  

Cars       ü  
Buses or Coaches      ü 
Trains    ü   
Aircraft   ü    
Small Boats     ü  
Ships, e.g. Channel Ferries     ü  
Swings in playgrounds   ü    
Roundabouts in playgrounds    ü   
Big Dippers, Funfair Rides      ü 

 t (0) 0 (2) 1 (2) 2 (3) 3 (2) 
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Cscore =
∑5

i=1 Qi

45
× 100

=
16
45

× 100

= 35.56

(7)

Pscore =
∑3

i=1 Qi

27
× 100

=
3
27

× 100

= 11.11

(8)

Sscore =
∑4

i=1 Qi

36
× 100

=
24
36

× 100

= 66.67

(9)

Table 7: Motion sickness assessment questionnaire (MSAQ) (modified from Gianaros
et al., 2001).

 
Motion Sickness Assessment Questionnaire (MSAQ) 
 
Please provide the following information: 
 
Name: ______________________________ Date: _________________ 
Age: ___________ 
Gender: (Circle)  M  F 

 
 
Instruction. Using the scale below, please rate how accurately the following statements 
describe your experience 
 
Not at all Severely  

1 2  3 4 5 6 7 8 9 

1. I felt sick to my stomach. (G)  5 9. I felt disoriented. (C)  6 

2. I felt faint-like. (C)  2 10. I felt tired/fatigued. (S)  8 

3. I felt annoyed/irritated. (S)  1 11. I felt nauseated. (G)  5 

4. I felt sweaty. (P)  1 12. I felt hot/warm. (P)  1 

5. I felt queasy. (G)  5 13. I felt dizzy. (C)  3 

6. I felt lightheaded. (C)  2 14. I felt like I was spinning. (C)  3 

7. I felt drowsy. (S)  9 15. I felt as if I may vomit. (G)  4 

8. I felt clammy/cold sweat. (P)  1 16. I felt uneasy. (S)  6 

 
 
 
 
 
 
 
Note. G: Gastrointestinal; C: Central; P: Peripheral; S: Sopite 
 
 
 
 
 
Reference: 
 
Gianaros PJ, Muth ER, Mordkoff JT, Levine ME, Stern RM. A questionnaire for the 
assessment of the multiple dimensions of motion sickness. Aviat Space Environ Med. 
2001;72(2):115-119. 
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3.5.3 Simulator Sickness Questionnaire (SSQ)

I additionally measured motion sickness severity using the long-validated simulator

sickness questionnaire (SSQ) (Kennedy et al., 1993). While this instrument was initially

developed to target simulator sickness specifically, it is now widely being used for all

variants of motion sickness. The SSQ quantifies motion sickness as a whole, and also

clusters symptoms into nausea, oculomotor and disorientation components. It includes

16 symptoms that are each rated on a four-point Likert scale ranging from 0 (“none”) to

3 (“severe”) in intensity. To illustrate how the total and subscale scores of the SSQ are

computed, an example self-reported symptoms (red ovals) are shown in Table 8. The

scoring procedures for the example ratings are illustrated in Table 9 based on guidance

from Kennedy et al. (1993). From weighted totals obtained in Table 9, the total score,

and (N, nausea; O, oculomotor; and D, disorientation) subscale scores are calculated

using the following formulae

Oscore = Ototal × 7.58

= 11 × 7.58

= 83.38

(10)

Dscore = Dtotal × 13.92

= 6 × 13.92

= 83.52

(11)

Nscore = Ntotal × 9.54

= 7 × 9.54

= 66.78

(12)
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SSQscore = (Ototal + Dtotal + Ntotal)× 3.74

= (83.38 + 83.52 + 66.78)× 3.74

= 873.96

(13)

Table 8: Simulator sickness questionnaire (SSQ) instrument with example ratings (red
ovals) (modified from Kennedy et al., 1993).

SSQ Symptom Rating
1. General discomfort None Slight Moderate Severe
2. Fatigue None Slight Moderate Severe
3. Headache None Slight Moderate Severe
4. Eyestrain None Slight Moderate Severe
5. Difficulty focusing None Slight Moderate Severe
6. Salivation increasing None Slight Moderate Severe
7. Sweating None Slight Moderate Severe
8. Nausea None Slight Moderate Severe
9. Difficulty concentrating None Slight Moderate Severe
10. Fullness of the Head None Slight Moderate Severe
11. Blurred vision None Slight Moderate Severe
12. Dizziness with eyes open None Slight Moderate Severe
13. Dizziness with eyes closed None Slight Moderate Severe
14. Vertigo None Slight Moderate Severe
15. Stomach awareness None Slight Moderate Severe
16. Burping None Slight Moderate Severe

3.6 Nauseogenic Stimulation

Rotating optokinetic drums have long been used to induce motion sickness/nausea ex-

perimentally (Stern et al., 1985; Bos and Bles, 2004; Levine, Stern and Koch, 2014).

Here, to induce nausea, I developed a nauseogenic visual stimulus that simulates the

visual input provided by that of a rotating optokinetic drum. The nauseogenic stimu-

lus was a horizontal translation of black and white vertical stripes with a circular shift
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Table 9: Simulator sickness questionnaire (SSQ) weights for subscales and example
rating (modified from Kennedy et al., 1993).

SSQ Symptom Example Rating Weight
N O D

General discomfort Slight = 1 1 (1) 1 (1)
Fatigue Moderate = 2 1 (2)
Headache Moderate = 2 1 (2)
Eyestrain Slight = 1 1 (1)
Difficulty focusing Moderate = 2 1 (2) 1 (2)
Salivation increasing Slight = 1 1 (1)
Sweating None = 0 1 (0)
Nausea Moderate = 2 1 (2)
Difficulty concentrating Moderate = 2 1 (2) 1 (2)
Fullness of the Head Slight = 1 1 (1)
Blurred vision Slight = 1 1 (1) 1 (1)
Dizziness with eyes open Slight = 1 1 (1)
Dizziness with eyes closed None = 0 1 (0)
Vertigo Slight = 1 1 (1)
Stomach awareness Slight = 1 1 (1)
Burping None = 0 1 (0)
Total score a = 7 b = 11 c = 6

of 62.5°/s created with custom code in MATLAB R2021b (The MathWorks, Inc., Nat-

ick, MA, USA) using the Psychophysics Toolbox Version 3 extensions (Psychtoolbox-

3.0.19; http://www.psychtoolbox.org) (Brainard, 1997; Pelli, 1997; Kleiner, Brainard and

Pelli, 2007) running on a Dell Latitude 5420 PC with a 3.00GHz 11th Gen Intel(R)

Core(TM) i7-1185G7 processor and 16 GB RAM operating on Windows 11 Pro (Mi-

crosoft UK, Reading, UK). I presented the stimulus on a 47-inch LG LCD Widescreen

(47LW450U, LG Electronics UK, UK) at a refresh rate of 60 Hz. For an unimpeded view,

the nauseogenic stimulus was presented at a distance covering the participant’s full vi-

sual field. This translation of alternating black and white stripes is a well-known model

of eliciting illusory self-motion (vection) and nausea (Koch, 1999; Kennedy, Drexler and

Kennedy, 2010). Previous cardiac modulation and neuroimaging studies investigating

motion sickness have used an fMRI-compatible variant of the nauseogenic stimulus

to induce nausea (LaCount et al., 2009; Kim et al., 2011; LaCount et al., 2011; Na-

padow et al., 2013; Sclocco et al., 2016; Toschi et al., 2017). The nauseogenic visual

http://www.psychtoolbox.org
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stimulus herein has previously been applied to induce nausea (e.g., Molefi, McLough-

lin and Palaniappan, 2023a). Altogether, the complete and contiguous stimulus was

made up of crosshair fixation at baseline period, nauseogenic visual stimulation, and

a final crosshair fixation at recovery period (Figure 4). To encourage replicability and

standardisation, I have provided the MATLAB source code of the nauseogenic visual

stimulus herein (Code B.1).

3.7 Electrical Stimulation

I used the EM6300A TENS (Med-Fit UK Ltd, Stockport, UK) device (Figure 6) to admin-

ister taVNS. The EM6300A is a battery operated dual-channel device that generates

asymmetrical biphasic square-wave electrical impulses with an adjustable amplitude

0-100 mA peak into 500 ohm load on each channel; and is CE marked (CE 2460)1.

During project setup, the generated waveform produced via various parameters (fre-

quency and pulse width) was visualized using a RIGOL DS1074 oscilloscope (RIGOL

Technologies Inc., China). In both studies, current-controlled electric pulses of 200 µs

generated at a rate of 20 Hz were delivered continuously for at most 20 min; taVNS

was administered at the tragus of the left ear (Figure 4a), and sham administered

at the left earlobe (Figure 4b). In addition to adhering to the manufacturers recom-

mendations on using the EM6300A device, prior work of comparable protocols were

reviewed and explored to adopt the other standard stimulation parameters (i.e., pulse

width and frequency) of those studies (e.g., Beh and Friedman, 2019; Tran et al., 2019;

Cao et al., 2021). In Study 1, the delivered stimulation current during taVNS was 1

mA; and for sham, 0 mA (i.e., no stimulation). In Study 2, the stimulation current was

tailored to each participant via a staircase procedure from 0 mA in 1 mA increments.

Data analysis was conducted separately for EEG and ECG; Table 10 shows the av-

erage stimulation amplitude for the analysed data during sham and taVNS conditions,

including an indication that this electric current was comparable in both conditions for

the performed analyses. Crucially, observed comparable electric current suggests that

1Conforming with European legal health, safety, and environmental protection standards.
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my stimulation protocol, wherein taVNS was delivered at the tragus (left ear) and sham

at the left earlobe, provides adequate blinding to taVNS administration. The earlobe is

one of the most commonly used sites for sham stimulation because of the view that it

is not innervated by the auricular branch of the vagus nerve (Peuker and Filler, 2002;

Bermejo et al., 2017; Yakunina, Kim and Nam, 2017). My rationale for targeting the left

ear was based on the fact that most previous studies had investigated with it (Farmer

et al., 2021). All participants were taVNS-näive. For all experiments, participants re-

ported perception of the stimulation current without painful sensation, and stimulation

parameters were tested before starting each experiment. I used the countdown timer

feature on the EM6300A device to sync the delivered electrical stimulation with the

nauseogenic visual stimulation. Because participants could interrupt presentation of

the nauseogenic visual stimulus due to development of severe nausea, the experi-

menter was available to manually switch off the electrical stimulator. While studies that

administer non-invasive vagal stimulation – especially those using the (NEMOS, tVNS

Technologies GmbH) device – typically deliver electrical impulses in an on-and-off pat-

tern (Farmer et al., 2021), my review on electrical stimulation for motion sickness in

Section Electrical Stimulation for Motion Sickness revealed that continuous stimulation

is most common in the research literature of that field.

Figure 6: The EM6300A TENS (www.tensmachineuk.com) vagus nerve stimulation
device; CE 2460.

www.tensmachineuk.com


3.8. SUMMARY 62

Table 10: Electrical Stimulation Current.

Study Sample sham taVNS p-value
Molefi et al. (2025) 42 5.45 ± 3.26 5.36 ± 2.66 0.84761

Molefi et al. (2024) 29 5.55 ± 3.41 6.03 ± 2.40 0.44402

1
Paired-sample t-test.

2
Wilcoxon signed rank test.

3.8 Summary

This chapter has outlined methods for performing taVNS (200 µs, 20 Hz) administration

in randomized sham-controlled crossover studies of healthy human volunteers exposed

to a nauseogenic visual stimulus, including concurrent EEG and ECG data acquisition,

and motion sickness severity assessment via validated questionnaires with exemplified

subjective data scoring. Notably, the nauseogenic visual stimulus described here may

aid future motion sickness research studies to induce nausea in a reliable and easy

manner.



Chapter 4

Effects of taVNS on the Human

Brain in Visually Induced Motion

Sickness

4.1 Introduction

In recent years, the non-pharmacological approach to motion sickness management

has entailed a variety of non-invasive electrical stimulation techniques. For example,

transcutaneous electrical nerve stimulation (TENS), transcranial direct current stimula-

tion (tDCS), and transcutaneous electrical acustimulation (TEA), have shown potential

efficacy for alleviating symptoms of motion sickness (Chu et al., 2012; Arshad et al.,

2015; Zhao et al., 2022). Despite these striking examples of therapeutic neuromodula-

tion for motion-induced malaise, these studies – and others alike (e.g., Chu et al., 2013;

Li et al., 2020) – were limited by lack of incorporating neuroimaging modalities for eval-

uation of brain dynamic changes accompanying subjective motion sickness symptoms.

Furthermore, although recent research has demonstrated beneficial effects of non-

invasive vagus nerve stimulation for migraine (Tassorelli et al., 2018; Beh and Fried-

man, 2019) – a condition that has been suggested to have a relationship with motion

sickness (Cuomo-Granston and Drummond, 2010) – this therapeutic neuromodulation

63
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has not been applied in motion sickness. Thus, whether non-invasively stimulating

the vagus nerve influences motion-induced nausea central neural system response, is

unknown.

In visually induced motion sickness, incongruent information from the visual and

vestibular systems promotes nausea and, with intense nauseogenic stimulation, vomit-

ing (Shupak and Gordon, 2006; Kennedy, Drexler and Kennedy, 2010; Schmäl, 2013).

Previous research has shown that at the cerebral level, the development and sever-

ity of motion-induced nausea is characterised by electroencephalogram (EEG) power

spectral perturbations in the slow oscillations – i.e., delta, theta, and alpha – of the

frontal, parietal and occipital lobes (Naqvi et al., 2015; Liu et al., 2020; Yeo, Kwon and

Park, 2022; Andrievskaia et al., 2023). Studies using functional magnetic resonance

imaging (fMRI) have observed disrupted brain neural dynamics in regions including the

cortex, brainstem, and cerebellum (Napadow et al., 2013; Farmer et al., 2015).

An important gap in the management of motion-induced nausea derives from the

lack of harnessing the neurophysiological changes observed during malaise for ther-

apy. Thus, given the positive results from the studies on migraine, and accumulat-

ing evidence suggesting that transcutaneous modalities of vagus nerve stimulation

(VNS) – that is, transcutaneous auricular VNS (taVNS) and transcutaneous cervical

VNS (tcVNS) (Kaniusas et al., 2019; Farmer et al., 2021) – can modify human neu-

ronal activity (Kraus et al., 2013; Frangos, Ellrich and Komisaruk, 2015); including the

interesting observation that these neuromodulation modalities (in particular, taVNS),

modulate neural processes perturbed by motion-induced malaise, suggests a potential

new therapeutic avenue for motion sickness.

It is important to note that while I specifically worked with taVNS in my studies,

throughout this chapter and the next (i.e., Autonomic Effects of taVNS on Visually

Evoked Motion Sickness in Humans chapter), I will coalesce interpretation and dis-

cussion of taVNS and tcVNS results as it has been suggested previously that these

modalities may have similar biological effects (Farmer et al., 2021). Moreover, a re-

cent study utilising a rodent model to investigate clinically relevant taVNS parameters

demonstrated that invasive cervical vagus nerve stimulation (cVNS – or simply VNS
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as termed herein) and taVNS showed produced similar overall brainstem activation but

different responses on individual neurons, albeit via distinct neural pathways (Owens

et al., 2024). In the same vein, I will seldom but extrapolate findings from studies

performed in animal models to findings herein.

Here, I utilised 64-channel EEG recordings to examine the acute effects of taVNS

on spectral and time-frequency decompositions during nauseogenic stimulation; in-

cluding cortical source localisation with low-resolution brain electromagnetic tomogra-

phy (LORETA). Furthermore, I studied whether potential differences in brain response

would relate to subjective measures of motion-induced nausea severity. Of note, parts

of this chapter have been modified from Molefi, McLoughlin and Palaniappan (2023b,

2025).

4.2 Methods

4.2.1 EEG Data Processing

EEG signal processing was performed in MATLAB R2023b using custom scripts, in-

corporating EEGLAB functions (v2023.0; https://sccn.ucsd.edu/eeglab) (Delorme and

Makeig, 2004). The raw EEG signals were first notch filtered to remove electrical

stimulation-evoked artifact of 20 Hz; and performed high-pass (1 Hz) and low-pass (30

Hz) zero-phase response Butterworth IIR filtering; cutoff frequencies in accordance

with EEG processing from previous findings. Channels with noisy activity according to

(spectrum = 3 S.D., probability = 3 S.D., and kurtosis = 5 S.D.) threshold measures

were removed. To identify and remove eye-blink and muscle artifact components,

I performed independent component analysis (ICA) and applied a threshold proba-

bility of 80% via ICLabel (v1.3) (Pion-Tonachini, Kreutz-Delgado and Makeig, 2019).

The obtained neuronal sources following ICA were then back-projected to the EEG

time series; and spherical interpolation applied. To identify and attenuate major sig-

nal outliers and non-brain artifacts, I performed robust principal component analysis

(RPCA) (Wright et al., 2009; Candès et al., 2011). To minimise the effect of volume con-

ductivity, surface Laplacian (Perrin et al., 1989) was performed. The artifact-free EEG

https://sccn.ucsd.edu/eeglab
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time series were used to extract 5 min windows at “baseline” (prior to nauseogenic

stimulus onset), “stimulation” (prior to nauseogenic stimulus cessation), and “recov-

ery” (following nauseogenic stimulus cessation). Finally, the obtained 5 min windows

(“baseline”; “stimulation”; “recovery”) were epoched into 8 s segments to obtain smooth

power spectral density (PSD) estimate, respectively.

4.2.2 Spectral and Time-Frequency Decomposition

The EEG signal spectral power decomposition was computed using a multitaper spec-

tral analysis (Babadi and Brown, 2014). First, I obtained the back-projected EEG time

series from above (EEG Data Processing), and performed common average referenc-

ing (CAR) using Equation (14); that is, subtracting the grand average of the voltage

signals of the 64 channels from each EEG time series. Next, I performed spectral de-

composition of the data into delta (δ; 1-4 Hz), theta (θ; 4-8 Hz), alpha (α; 8-12 Hz),

beta (β; 12-26 Hz), gamma (γ; 26-30 Hz). Power normalization was performed using

a decibel (dB) transformation as presented in Equation (15); where “stimulus” denotes

condition types (i.e., taVNS vs. sham), and “baseline” denotes epochs prior to stimulus

onset.

VCAR
i = VER

i − 1
n

n

∑
j=1

VER
j (14)

dBpower = 10 ∗ log10

(
Powerstimulus

Powerbaseline

)
(15)

4.2.3 Exact LORETA (eLORETA)

For EEG brain source localization, I performed the exact low-resolution brain electro-

magnetic tomography (eLORETA), using the LORETA-KEY software package (v20221229;

https://www.uzh.ch/keyinst/loreta) (Pascual-Marqui, 2002, 2007; Pascual-Marqui et al.,

2011) on the de-noised epoched EEG data from above (see EEG Data Processing).

https://www.uzh.ch/keyinst/loreta
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eLORETA – a 3D distributed linear, regularized, weighted minimum-norm inverse so-

lution with exact, zero error localization – is a widely used mathematical tool that es-

timates neural activity of 6239 voxels (voxel size = 5 mm3) of the cortical gray matter

using a realistic head model with the MNI152 (Montreal Neurological Institute 152)

template (Mazziotta et al., 2001; Fuchs et al., 2002). Previous studies performing

other non-invasive brain stimulation techniques – for example, repetitive transcranial

magnetic stimulation (rTMS) (Meijs et al., 2024) and transcranial alternating current

stimulation (tACS) (Fiene et al., 2020) – have utilized the eLORETA method. Herein I

computed cross-spectra and corresponding frequency domain generators for each par-

ticipant for five EEG frequency bands: delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz),

beta (12-26 Hz), and gamma (26-30 Hz). That is, for each cross-spectrum file, a corre-

sponding .slor file (image of cortical neuronal oscillators) was obtained; statistical anal-

yses were performed on these computed neuronal generators. Note that cross-spectra

from the aforementioned EEG frequency bands indicate to us which EEG oscillations

(i.e., frequency bands) demonstrate differential neural activity. Consequently, if there

are significantly different oscillations, then eLORETA provides an exact localization of

neuronal sources responsible for the difference.

4.2.4 Statistical Analysis

All statistics were computed using MATLAB (R2022b, R2023a, R2024a, and R2024b).

Data are presented as mean ± standard error of the mean (SEM). Paired-sample tests

were used to compare brain activity (Student’s t-test) and MSAQ scores (Wilcoxon

signed rank test). Effect sizes were computed using Cohen’s d (unbiased estimate) and

Cliff’s Delta for brain activity and MSAQ scores respectively. Descriptors for Cohen’s

d are (d < 0.2 → ‘negligible’; d < 0.5 → ‘small’; d < 0.8 → ‘medium’; d ≥ 0.8 →

‘large’) (Cohen, 2013); and those for Cliff’s Delta are (|δ| < 0.147 → ‘negligible’; |δ| <

0.33 → ‘small’; |δ| < 0.474 → ‘medium’, |δ| ≥ 0.474 → ‘large’) (Romano et al., 2006).

Non-parametric cluster-based permutation tests (Maris and Oostenveld, 2007) were

used for time-frequency matrices between conditions. 1000 random permutations were

performed to generate a null-hypothesis t-value distribution at (p < 0.05) where at each
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iteration extracting the maximum cluster mean of the t-values. Then cluster-correction

was applied by discarding any clusters in the real tmap that had voxels lower than

95% of null-distribution. Figure 8 shows brain voxels that are significant. Spearman

correlation was used for computing the relationship between brain activity and MSAQ

scores. All statistical tests were two-tailed at (p < 0.05).

To perform statistical analysis for EEG brain source localization, I used the LORETA-

KEY software package. The output neuronal generators from above [see Exact LORETA

(eLORETA)] were subjected to a Statistical non-Parametric Mapping (SnPM) (Nichols

and Holmes, 2002) method for correction of multiple comparisons; performing 5000

randomizations with significance threshold of p < 0.05, to estimate the empirical prob-

ability distribution for the maximum t-statistic, under the null hypothesis. Because of

the non-parametric nature of this method, its validity does not require Gaussianity as-

sumptions (Nichols and Holmes, 2002). I utilized this procedure to test for effects on

neural activity using paired t-statistic contrasts on log-transformed data, at the sample

level. Computed source localization statistical maps were visualized with MRIcroGL

(v1.2.20220720; https://www.nitrc.org/projects/mricrogl) (Rorden and Brett, 2000). The

functional neuroimages herein – for example, Figure 10 – display t-values such that

p < 0.05. For statistical analyses performed in MATLAB R2023b, voxel intensity values

at peak MNI coordinates were extracted using scripts incorporating functions from Sta-

tistical Parametric Mapping 12 (SPM12; Wellcome Centre for Human Neuroimaging,

London, UK; https://www.fil.ion.ucl.ac.uk/spm).

4.3 Results

4.3.1 EEG Spectral Responses to taVNS during Motion-Induced Nausea

Comparisons between taVNS and sham revealed a significant differential reduction of

theta spectral power by taVNS at right frontal (t(14) = 2.32, p = 0.0360, d = 0.7), right

parietal (t(14) = 2.37, p = 0.0328, d = 0.5) and occipital (t(14) = 2.22, p = 0.0434,

d = 0.7) brain cortical regions (Figure 7). A finding consistent with previous studies

performed both in humans (Lewine et al., 2019) and canines (Castillo et al., 2022),

https://www.nitrc.org/projects/mricrogl
https://www.fil.ion.ucl.ac.uk/spm
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Table 11: A summary of the MSAQ results. Data are mean ± SEM. Reproduced
from Molefi, McLoughlin and Palaniappan (2023b).

MSAQ metrics sham taVNS p-value Cliff’s δ

Total 18.0± 2.6 8.3± 1.9 7.1e–06 0.30
Gastrointestinal 17.4± 6.5 10.2± 5.8 0.3125 0.20
Central 18.2± 4.1 8.3± 3.3 0.0032 0.26
Peripheral 15.3± 3.1 7.1± 2.5 0.0012 0.24
Sopite 17.9± 3.0 8.3± 2.1 1.1e–04 0.28

Table 12: Spearman Correlation between brain activity and MSAQ. Reproduced
from Molefi, McLoughlin and Palaniappan (2023b).

Right frontal
cortex

Right parietal
cortex

Occipital cortex

Total 0.07 0.13 0.34
Gastrointestinal 0.06 0.22 0.06
Central −0.22 −0.01 0.23
Peripheral 0.28 0.41 0.52*
Sopite −0.22 −0.14 0.20

* Statistically significant correlations (p < 0.05).

wherein tcVNS was applied. Additionally, I observed significant taVNS-induced sub-

jective effects in MSAQ central, peripheral, and sopite-related dimensions of malaise

scores, including MSAQ total scores (Table 11); however, I found no significant effect

in the MSAQ gastrointestinal dimension scores (Table 11).

I then analysed whether the observed brain changes were related with motion-

induced nausea symptom reduction. There was a significant correlation between change

in occipital-theta spectral power and improvements in Peripheral dimension symptom

scores (Spearman ρ = 0.52, p = 0.0462), indicating that MSAQ peripheral subjective

effects are reflective of and linked to taVNS-induced occipital-theta brain dynamics (Ta-

ble 12). As presented in Table 12, I observed a moderate but non-significant correlation

between right parietal cortical activity with MSAQ Peripheral scores.
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Figure 7: EEG theta power comparisons for sham and taVNS conditions for all partici-
pants at the right frontal, right parietal and occipital cortices. Reproduced from Molefi,
McLoughlin and Palaniappan (2023b).

4.3.2 EEG Source Localization Reveals Differential Response to taVNS

for Motion-Induced Nausea

Participant cohort (n = 42) average MSSQ scores were 26.54 (S.D. = 7.82, range =

15.75 − 48.00). In order to ascertain greater malaise susceptibility in adolescence for

participant cohort herein, I performed a comparison between the MSA and MSB but

found no difference (p = 0.2394, Wilcoxon signed rank test), with the distributions of

the scores presented as box plots with mean and median depicted (Figure 9a). These

MSSQ subscale scores (MSA, 13.36 ± 4.99; MSB, 13.18 ± 4.68) were higher than the

mean ± S.D. of normative data (MSA, 7.75 ± 5.94; MSB, 5.11 ± 4.84) (Golding, 2006).
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Figure 8: Time-frequency difference between sham and taVNS conditions across re-
gions of interest for all participants. Black contours denote significant temporal clusters
after a two-sided non-parametric permutation test with cluster-correction. Reproduced
from Molefi, McLoughlin and Palaniappan (2023b).

Consistent with previous reports, however, there was an association between the MSA

and MSB scores (Spearman ρ = 0.35, p = 0.0251; (Figure 9b). None of the participants

vomited during or after exposure to nauseogenic visual stimulation; however, one par-

ticipant retched during nausea induction, and was one of the participants absent at

a follow-up session. There were no significant differences between electrical current

delivered at taVNS and that at sham (p = 0.8476, paired-sample t-test).

A summary of the MSAQ and SSQ scores is presented in Table 13. There were no

differences in the MSAQ subjective responses between sham and taVNS (Table 13).

The two-way repeated measures ANOVA revealed a significant effect of stimulation

(F 1, 41 = 32.02, p = 1.32 × 10−6), time (F 1, 41 = 63.37, p = 7.52 × 10−10), and an

interaction (F 1, 41 = 4.58, p = 0.0382) for the SSQ total scores. Further, taVNS signif-

icantly reduced the SSQ nausea factor scores (two-way repeated measures ANOVA;

effect of stimulation, F 1, 41 = 21.47, p = 3.61 × 10−5, effect of time, F 1, 41 = 41.34, p =

1.06 × 10−7, and stimulation × time interaction, F 1, 41 = 5.78, p = 0.0208). Notably,

no significant effect of order (sham → taVNS vs. taVNS → sham) was observed for
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Figure 9: (a) Box plot showing MSSQ-Short raw scores of MSA and MSB for all partic-
ipants. Solid lines indicate mean; dashed lines indicate median. (b) Spearman corre-
lation between MSA and MSB where each data point represents a participant (Spear-
man ρ = 0.35). MSSQ, motion sickness susceptibility questionnaire; MSA, below 12
years of age MSSQ scores; MSB, over the last 10 years MSSQ scores. Reproduced
from Molefi, McLoughlin and Palaniappan (2025).

SSQ total scores (p = 0.9510, unpaired-sample t-test), and SSQ nausea factor scores

(p = 0.7426, unpaired-sample t-test).

To determine the acute neuromodulatory effects of taVNS administration on the cor-

tical neuronal generators of EEG, I compared estimated source activity using eLORETA

across three timepoints (“baseline”, “stimulation”, and “recovery”) with active taVNS

and sham in different frequency bands. Note that all brain images hereinafter are pre-

sented in neurological convention; that is, the left side of the brain is shown on the

left.

I found significant differences in the estimated source activity in the insula (BA 13,

sub-lobar, MNIx,y,z= 35 -20 15, t = 5.96) and middle frontal gyrus (BA 46, frontal lobe,

MNIx,y,z= -45 35 20, t = 5.47) between active taVNS and baseline in the delta band;

with increased activation prominent during taVNS administration (Figure 10). There

were no significant differences between taVNS and baseline in other frequency bands.
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Table 13: Summary of motion sickness assessment questionnaire (MSAQ), and simulator sickness questionnaire (SSQ) total
and subscale scores across participants, respectively; in participants receiving transcutaneous auricular vagus nerve stimulation
(taVNS) compared with sham. Data are shown as mean ± SEM. Reproduced from Molefi, McLoughlin and Palaniappan (2025).

sham taVNS

Scores Pre Post Pre Post F -value p-value
MSAQ
TotalMSAQ 0.17 ± 0.03 0.36 ± 0.04 0.14 ± 0.03 0.34 ± 0.04 0.09 0.761
GastrointestinalMSAQ 0.06 ± 0.03 0.30 ± 0.04 0.08 ± 0.03 0.29 ± 0.04 0.18 0.676
CentralMSAQ 0.11 ± 0.04 0.35 ± 0.05 0.06 ± 0.03 0.32 ± 0.04 0.06 0.814
PeripheralMSAQ 0.14 ± 0.04 0.20 ± 0.04 0.09 ± 0.03 0.16 ± 0.04 0.10 0.753
SopiteMSAQ 0.26 ± 0.04 0.42 ± 0.04 0.18 ± 0.03 0.39 ± 0.04 1.05 0.311

SSQ
TotalSSQ 0.24 ± 0.04 0.56 ± 0.04 0.15 ± 0.03 0.37 ± 0.03 4.58 0.038∗

NauseaSSQ 0.21 ± 0.04 0.50 ± 0.04 0.13 ± 0.03 0.29 ± 0.03 5.78 0.021∗

OculomotorSSQ 0.24 ± 0.04 0.60 ± 0.03 0.19 ± 0.03 0.46 ± 0.04 2.79 0.102
DisorientationSSQ 0.15 ± 0.04 0.38 ± 0.04 0.08 ± 0.03 0.37 ± 0.04 1.20 0.279
∗
Indicates significant difference in pre and post behavioral changes in response to electrical

stimulation (p < 0.05) using a two-way repeated-measures ANOVA with the within-subjects fac-
tors “time” (pre vs. post) and “stimulation” (taVNS vs. sham). The presented F and p values are
for the interaction effects from a two-way repeated measures ANOVA.
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Figure 10: eLORETA of taVNS versus Baseline contrast. (a) Differential estimated
source activity (delta) at the right insula (BA 13, peak MNIx,y,z= 35 -20 15, t = 5.96).
(b) Changes in source activity (theta) observed at the left middle frontal gyrus (BA 46,
peak MNIx,y,z= -45 35 20, t = 5.47). Slice views of source locations from left to right
are axial, coronal, and sagittal images; viewed from top, back, and right. In all of the
images, the left side of the brain is shown on the left. BA, Brodmann area. Reproduced
from Molefi, McLoughlin and Palaniappan (2025).

taVNS caused profound brain activation across most of the frequency bands (Fig-

ure 11), with most prominent estimated source activity observed in the supramarginal

gyrus (BA 40, parietal lobe, MNIx,y,z= -40 -50 35, t = 4.53), middle frontal gyrus (BA 6,

frontal lobe, MNIx,y,z= 40 0 45, t = 3.84), parahippocampal gyrus (BA 35, limbic lobe,

MNIx,y,z= 20 -25 -15, t = 4.62), and precentral gyrus (BA 6, frontal lobe, MNIx,y,z= -55

-5 50, t = 3.98), post taVNS than at baseline – in the delta, theta, alpha and gamma

bands, respectively (Figure 11).
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Figure 11: eLORETA of active Post-taVNS versus Baseline contrast. (a) Following
taVNS, increased estimated source activity was observed at the supramarginal gyrus
(BA 40, peak MNIx,y,z= -40 -50 35, t = 4.53) for delta, (b) the middle frontal gyrus (BA
6, peak MNIx,y,z= 40 0 45, t = 3.84) for theta, (c) the parahippocampal gyrus (BA 35,
peak MNIx,y,z= 20 -25 -15, t = 4.62) for alpha, (d) and the precentral gyrus (BA 6, peak
MNIx,y,z= -55 -5 50, t = 3.98) for gamma. Slice views of source locations from left to right
are axial, coronal, and sagittal images; viewed from top, back, and right. In all of the
images, the left side of the brain is shown on the left. taVNS, transcutaneous auricular
vagus nerve stimulation; BA, Brodmann area. Reproduced from Molefi, McLoughlin
and Palaniappan (2025).

I found that sham applied to the earlobe increased insula activation (BA 13, sub-

lobar, MNIx,y,z= 35 -20 20, t = 7.83) in the delta band, compared to baseline (Fig-

ure 12a). Activation was also noted in anterior cingulate (BA 24, limbic lobe, MNIx,y,z=

5 35 10, t = 3.34; Figure 13) in the beta band; however this was not significant. Follow-

ing sham stimulation, while I observed widespread brain activation, the middle frontal

gyrus (BA 9, frontal lobe, MNIx,y,z= 45 30 40, t = 5.70) demonstrated prominent activa-

tion compared to baseline in the EEG alpha band (Figure 12b).

Next, I asked if there were differential effects of active vs. sham taVNS on the

estimated source activity both during and post electrical stimulation. I observed that

the contrast (During-Pre)taVNS vs. (During-Pre)sham revealed markedly increased theta

brain activity in the left middle occipital gyrus (BA 19, occipital lobe, MNIx,y,z= -50 -60

-10, t = 3.97) (Figure 14). I then determined how taVNS-induced BA 19 theta neuronal

activity related to participant subjective responses. A Pearson correlation revealed a

significant positive correlation between BA 19 activation and MSA responses (Pearson

r = 0.43, p = 0.0041; Figure 15a). Moreover, this observed taVNS-induced contribu-

tion of BA 19 theta neuronal response correlated with reductions in motion sickness

symptoms as evaluated by SSQ total scores (Spearman ρ = 0.35, p = 0.0229; Fig-

ure 15b). These results also remained significant after adjusting for age and sex using

partial correlations. For the (Post-Pre)taVNS vs. (Post-Pre)sham contrast, I found no sig-

nificantly increased or decreased brain activation in the functional regions that were

revealed.
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Figure 12: eLORETA of Sham versus Baseline, and Post-Sham versus Baseline con-
trasts. (a) Changes in estimated source activity (delta) between Sham (i.e., during stim-
ulation period) and Baseline were identified in the right insula (BA 13, peak MNIx,y,z= 35
-20 20, t = 7.83). (b) Estimated source activity (alpha) differences between Post-Sham
and Baseline were identified at the right middle frontal gyrus (BA 9, peak MNIx,y,z= 45
30 40, t = 5.70). Slice views of source locations from left to right are axial, coronal,
and sagittal images; viewed from top, back, and right. In all of the images, the left
side of the brain is shown on the left. BA, Brodmann area. Reproduced from Molefi,
McLoughlin and Palaniappan (2025).

4.4 Discussion

I conducted crossover randomised controlled studies to examine the acute neural ef-

fects of non-invasive vagus nerve stimulation on healthy human participants before,

during, and after concurrent electrical stimulation with either active taVNS or sham

and nauseogenic stimulation. Using eLORETA, I observed taVNS-induced differen-

tial functional brain activation in comparison to sham. Moreover, taVNS demonstrated

significant reduction in motion sickness symptom severity as measured by the SSQ
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Figure 13: Exact low-resolution brain electromagnetic tomography (eLORETA) of ac-
tive Sham versus Baseline contrast. Differential source activity of beta oscillation was
observed at the anterior cingulate (BA 24, limbic lobe, MNIx,y,z= 5 35 10, t = 3.34).
Slice views of source locations from left to right are axial, coronal, and sagittal im-
ages; viewed from top, back, and right. BA, Brodmann area. Reproduced from Molefi,
McLoughlin and Palaniappan (2025).

instrument. Specifically, the scores of the SSQ total, and SSQ nausea subscale were

markedly lower when participants received taVNS compared with sham stimulation.

These findings provide novel evidence that during motion-induced nausea, taVNS-

driven neural dynamics are different compared to sham, and that taVNS evokes acute

neural effects that relate to accompanying subjective effects, suggesting that taVNS

has potent therapeutic potential for motion sickness-induced nausea.

In the pilot study herein (Molefi, McLoughlin and Palaniappan, 2023b), I showed

that taVNS paired with nauseogenic stimulation induced lower levels of EEG theta

spectral power in multiple cortical regions (Figure 7), which have previously been

demonstrated to reveal motion sickness-associated perturbations (Huang, Jung and

Makeig, 2009; Chen et al., 2010; Nürnberger et al., 2021). Furthermore, these taVNS

brain effects – which were consistent with findings from both human (Lewine et al.,

2019) and animal (Castillo et al., 2022) models – were associated with a differential

reduction in malaise severity symptoms (Table 11). However, in that first study, while I

demonstrated that the administration of taVNS may have therapeutic utility for motion

sickness, I noted an important limitation that for the sham condition, null stimulation

was performed. In a bid to address this, and other limitations that were acknowledged
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taVNS vs. Sham (theta) 3.8 4.0

t-value

Figure 14: eLORETA of active taVNS versus Sham contrast. Differential source ac-
tivity of theta oscillation was observed at the left middle occipital gyrus (BA 19, peak
MNIx,y,z= -50 -60 -10, t = 3.97). Slice views of source locations from left to right are
axial, coronal, and sagittal images; viewed from top, back, and right. In all of the im-
ages, the left side of the brain is shown on the left. taVNS, transcutaneous auricular
vagus nerve stimulation; BA, Brodmann area. Reproduced from Molefi, McLoughlin
and Palaniappan (2025).
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Figure 15: (a) Scatter plots show that the change in activation of the left middle occipital
gyrus (L.MOG) between sham and taVNS stimulation was positively associated with
MSA responses (Pearson r = 0.43), (b) and correlated with the change in SSQ total
scores (Spearman ρ = 0.35). MSSQ, motion sickness susceptibility questionnaire;
MSA, below 12 years of age MSSQ scores; SSQ, simulator sickness questionnaire.
Reproduced from Molefi, McLoughlin and Palaniappan (2025).

therein, I performed a sequel study including a cohort of 42 healthy human participants

for which much of the discussion here will be devoted to.
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I found that taVNS administration leads to an increase in functional brain activation

in the right insula (BA 13; Figure 10a). Previous fMRI studies have shown that tragus

stimulation produces significantly increased activation in the insula (Kraus et al., 2007,

2013), indicating that afferent input targeting the auricular branch of the vagus nerve

is projected to the brain via the brainstem. Thus, my findings support a modulatory

role for taVNS in response to nasueogenic stimulation. It is interesting to note that

I observed this insula activation using a different taVNS protocol compared to both of

these aforementioned studies, suggesting that my taVNS parameters were sufficient for

brainstem nuclei activation. I noted that this insula activation was a strong contributor

for delta oscillations, suggesting that these oscillations may be serving as a response

marker for taVNS-induced effects.

My data also demonstrated insula activation during sham stimulation (Figure 12a).

This is unlikely to be an effect of vagal afferent input, but rather an activation driven

by malaise; Napadow et al. (2013) observed that the insula was among brain regions

activated by motion sickness-induced nausea. Moreover, a recent meta-analysis of

neuroimaging studies demonstrated that, when compared to null stimulation (i.e., no

stimulation), transcutaneous vagus nerve stimulation significantly augmented activity

in the insula (Rajiah et al., 2022); suggesting that the brain dynamics I observed during

taVNS were dissimilar to those noted during sham.

Furthermore, I additionally observed increased neuronal response at the left mid-

dle frontal gyrus (MFG; BA 46) during taVNS (Figure 10b), but not during sham stim-

ulation; this MFG activation was shown as a strong generator of theta oscillations.

Moreover, the MFG activation I noted here is consistent with work describing that tra-

gus stimulation activates the cerebral afferents of the vagal pathway (Badran et al.,

2018); further indicating that my taVNS protocol can bring about cortical effects that

are similar to previous taVNS brain imaging studies. To interpret these taVNS-induced

neural effects, I surmise taVNS may be enhancing interoceptive processes (Paciorek

and Skora, 2020); thus, through this improved interoceptive awareness, participants

are better able to cope with exposure to nauseogenic stimulation. This implies that

participants become more resilient. Indeed, it is important to note that the MFG –
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which forms part of the dorsolateral prefrontal cortex (dlPFC) – has previously been

related to resolution of attentional-perceptual conflicts (Adelhöfer et al., 2019; Leroy

and Cheron, 2020). Further, we have long known that the insula plays an important

role in the integration of internal body state information (Damasio et al., 2000), and

that it has also been implicated in higher-order brain systems – one of which is the

salience network (SN) (Seeley et al., 2007; Menon and Uddin, 2010). I speculate that,

it is through this activation of the SN – a neural system involved in the integration of

internal and external sensory inputs that vie for our brain’s attention, and neural re-

sources – that participants adjust or self-regulate their body state and thus tolerate or

buffer nauseogenic stimulation effects.

Because the MFG was not revealed during sham stimulation suggests that partic-

ipants might have been experience a sense of agitation; indeed, Farmer et al. (2015)

presented a nausea-inducing motion video to a cohort of healthy participants and noted

perturbations in their level of autonomic arousal which suggested they responded to the

stimulus as if it were a threat. Thus, an implication of this finding is that this may have

the case in my study for the sham condition. Of note, I observed increased neuronal

response in the anterior cingulate (Figure 13) during sham stimulation but not during

taVNS administration; while this activation was not significant, disrupted anterior cin-

gulate cortical response has been reported in motion-induced nausea (Napadow et al.,

2013; Ruffle et al., 2019).

Of the most novel observations I made here was the prominent neuronal response

localized to the middle occipital gyrus (MOG; BA 19) (Figure 14), when comparing

taVNS to sham stimulation – that is, taVNS versus sham contrast. I observed that neu-

ronal generation of theta oscillations was contributed by this BA 19 activation. Previ-

ously, increased brain activity at the left occipital lobe was reported in response to stim-

ulation applied at the surface of the neck, that is, via tcVNS (Frangos and Komisaruk,

2017). By analysing high-resolution positron emission tomography (HR-PET) scans

obtained during tcVNS paired with traumatic stress scripts, Wittbrodt et al. (2021) ob-

served a differential increase in BA 19 brain activity. Consistent with these findings, my

data indicate that stimulation of the tragus evokes similar regional brain activation. My
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observation that BA 19 activation was related to subjective responses of motion sick-

ness as indexed by the MSA scores; including the marked correlation with a differential

reduction in SSQ total scores, suggests participants achieved better symptom relief. In

other words, this indicates that participants with greater levels of BA 19 activity derived

the most benefit from taVNS. For the marked relationship between MSA scores and

BA 19 activation in particular, this suggests that MSA scores may be a useful predic-

tor of taVNS response; meaning that herein, participants who exhibited higher MSA

scores were more responsive to taVNS. A possible explanation for these results is that

BA 19 may be portraying an essential role in representing effects that are a function

of taVNS in tandem with nasueogenic with stimulation. It is tempting to speculate that

this MOG activation may be solely responsible for the observed malaise symptom al-

leviation. Thus, I do not rule out the potential role of other cortical regions in eliciting

these effects.

Because BA 19 resides in the extrastriate visual cortex – where the extrastriate

body area (EBA) (Downing et al., 2001) can also be found – including early fMRI ev-

idence for EBA response to self-produced body movements (Astafiev et al., 2004), I

surmise here that taVNS signaling to higher-order brain structures normalises or sta-

bilises the sensory conflict at the level of neural oscillations (via MOG neurons) gener-

ated by conjured up illusory body representations of participants during nauseogenic

stimulation. Using tcVNS, Wittbrodt et al. (2020) described a mechanism by which par-

ticipants presented with traumatic scripts showed activation at the left fusiform gyrus

(BA 20) – found in the temporal lobe – and interpreted this neural response as an

implication that participants reconstructed their body form and environment during the

traumatic event. In the same vein, I postulate that this taVNS-induced left MOG cortical

activity represents a differential therapeutic benefit.

In addition to functional brain response observed during stimulation, taVNS demon-

strated profound peak neuronal activation at the supramarginal gyrus (SMG; BA 40),

MFG (BA 6), parahippocampal gyrus (PHG; BA 35), and precentral gyrus (PCG; BA

6) (Figure 11). While (Frangos and Komisaruk, 2017) also observed SMG activation

via non-invasive vagal stimulation, their finding was noted during the stimulation period;
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additionally, they targeted the cervical branch of the vagus nerve. These differences in

findings could be due to differences in protocol design; thus, implying that my taVNS-

evoked SMG response may be relevant for malaise-reduction effects. I also note that

this may suggest vagal nerve branch specificity, that is, auricular versus cervical; in-

deed, a recent study in a rodent model confirmed that taVNS can evoke responses

comparable to cervical VNS at the neuronal level, however, achieving this via differen-

tial neuronal pathways (Owens et al., 2024).

The SMG has a long identified role in vestibular processing; together with the an-

gular gyrus, it forms part of the inferior parietal lobule. Previous work of Klaus et al.

(2020) showed a role for the left inferior parietal lobule in vestibular information pro-

cessing; whereby the spatial processing of self-motion is linked with the spatial pro-

cessing required to imagine self-motion. Because vestibular sensations are among

some of the sensory information disrupted during motion sickness, by triggering the

SMG, taVNS could be aiding maintain normal vestibular processing and function. It

is important to note that I did not observe this differential effect with sham stimulation.

In fact, neuronal activity following sham was much more widespread (Figure 12) while

that following taVNS appeared more organised and localised (Figure 11). To interpret

this ambiguous activation following sham, which was nonetheless revealed as a peak

neural response at the MFG (BA 9) and serving as the generator of the alpha os-

cillations, I speculate participants may be feeling agitation even beyond nauseogenic

stimulation; indeed, previous research has observed a differential increase in sympa-

thetic activation after nauseogenic stimuli (LaCount et al., 2011; Sclocco et al., 2016).

Moreover, this aforementioned dlPFC (MFG) activation has previously been implicated

with increasing motion-induced nausea levels (Napadow et al., 2013); hence, I surmise

here that these neural effects following sham may be indicative of response to motion-

induced nausea – for instance, participants in recovery but still feeling nauseous – and

not sham neural effects per se.

Here I also show an increase of PHG neuronal activation following taVNS (Fig-

ure 11c). In early fMRI studies, the PHG – a limbic brain region implicated in (among
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other functions) emotion, and visuospatial processing – was found to decrease in re-

sponse to transcutaneous vagus nerve stimulation (Kraus et al., 2007, 2013). While

interestingly I noted an increase rather than a decrease; my observation may relate

back to the notion of EBA, suggesting in this instance that participants become aware

of their perceived body representation via visuospatial processing ability. A possible

explanation for activation of these brain regions (i.e., SMG, MFG, PHG, PCG) may

suggest a concerted multisensory integration to restore visuo-vestibular interaction pro-

files to a non-conflicting state. Furthermore, it implies oscillations contributed by these

different regions may be working in concert to modulate neuronal activity across the

frontal (MFG, PCG), parietal (SMG) and limbic (PHG) functional structures of the brain.

These results further bolster the finding that taVNS elicits specific differential neuronal

responses than do sham. Toschi et al. (2017) provided evidence for augmentation of

functional connectivity between nausea-processing brain regions and those triggered

by the nauseogenic visual stimulus; thus, for future research, it would be important to

explore how connectivity analysis performed on a motion sickness model similar to that

herein could aid deeper understanding of taVNS application to motion sickness. My

observation of differential alpha and gamma oscillations following taVNS (Figure 11c,

d), but not during stimulation period, suggests a possible indication of taVNS-induced

delayed effects after cessation of both taVNS and nauseogenic stimulation. Corrobo-

rating these findings, Borgmann et al. (2021) demonstrated delayed effects of taVNS

on brainstem neuronal responses of healthy participants through acute stimulation of

the left cymba conchae.

Previous work showed that tragus stimulation evokes neuronal responses that per-

sist after cessation of the stimulation (Frangos, Ellrich and Komisaruk, 2015); consis-

tent with this, I observed differential taVNS effects on delta and theta oscillations dur-

ing and following tragus stimulation (Figures 10 and 11), giving the impression that my

taVNS protocol produced effects that appear to last over time. In another study (Dim-

itrov and Gatev, 2015), also in line with my findings, sustained delta and theta oscilla-

tions were demonstrated 20 min post stimulation period; of note, this was shown via

stimulation applied to the right cymba conchae. Recent work from Ricci et al. (2020)
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also showed delta oscillations following stimulation of the left external acoustic mea-

tus. Altogether, these findings may have implications for the role of taVNS in altering

neural activity of these slow oscillations of the brain (i.e., delta, theta), with potentially

long-lived effects, and merit further study.

Surprisingly, however, my post-taVNS versus post-sham revealed no differences,

suggesting that possibly in the context motion-induced nausea, real-time taVNS admin-

istration may provide differential neuromodulatory effects of therapeutic value. More-

over, it suggests these effects are profound when the device is active (i.e., during stim-

ulation period). These results additionally endorse the viability of managing malaise

in a manner whereby taVNS induces demand-based, modulatory effects – with im-

portant implications for adaptive taVNS. Current antiemetic drugs such as anticholin-

ergics (e.g., scopolamine), amphetamines (e.g., dextroamphetamine) and serotonin

(e.g., rizatriptan) show efficacy toward motion sickness symptom alleviation by influ-

encing the cholinergic (Kohl and Homick, 1983), dopaminergic (Schmäl, 2013), and

serotonergic (Furman, Marcus and Balaban, 2011) pathways, respectively. Because

stimulation of the vagus nerve has been demonstrated to engage these aforemen-

tioned brain pathways, i.e., cholinergic (Hulsey et al., 2016), dopaminergic (Perez et al.,

2014), and serotonergic (Hulsey et al., 2019) (albeit in animal models); it suggests that

my neuronal activation findings herein may be stem from taVNS-induced alterations

on neural processes of these neuromodulatory systems. Moreover, it reveals just how

multifaceted the effects of electrically stimulating the vagus nerve may be – and hinting

at how vagal stimulation seems to help with so many other ailments.

4.5 Conclusion

My results show that taVNS, a non-invasive form of brain stimulation, has differential

therapeutic effects in healthy human participants exposed to nauseogenic stimulation.

Using eLORETA analysis, I demonstrate that taVNS-induced functional brain activation

reveals a marked correlation with the alleviation of motion sickness symptom severity.

However and importantly, taVNS will depend on stimulation parameters, such as pulse
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width, frequency, and location, among others. Future work to confirm the results pre-

sented here is important, as well addressing the search for optimal taVNS dosage for

motion sickness management.



Chapter 5

Autonomic Effects of taVNS on

Visually Evoked Motion Sickness

in Humans

5.1 Introduction

Efferent preganglionic fibers of the vagus nerve provide sympathetic and parasym-

pathetic innervation between the brain and heart – among other thoracoabdominal or-

gans. Accordingly, an induced elevation or diminution on the level of autonomic arousal

may be observed, depending on which vagal neural pathway is activated, and how

stimulation to that pathway was performed. For instance, Jansen et al. (2011) demon-

strated that left cervical vagus nerve stimulation (VNS) induced a differential increase

in the low-frequency to high-frequency power ratio (LF/HF) of the heart rate variability

(HRV) in individuals with refractory epilepsy – concluding that VNS evoked a shift in au-

tonomic function toward sympathetic predominance. Whereas the findings of Clancy

et al. (2014) showed that stimulating the branch of the vagus nerve that supplies the

outer ear at the tragus, significantly reduced the LF/HF ratio, indicating a pronounced

dominance of parasympathetic over sympathetic nerve outflow.

Because the vagus nerve is a major component of the parasympathetic nervous

87
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system, it is possible that stimulation of this neural structure could increase parasym-

pathetic tone. Indeed, on the most extreme end, it is well known that excessive stim-

ulation of the vagus nerve can cause vasovagal syncope (van Lieshout et al., 1991;

Jardine et al., 1998; Carlson, 2021) – a syndrome characterized by a reduction in heart

rate and blood pressure. Importantly, by leveraging the role of the vagus nerve as a

heart-brain conduit for parasympathetic neural transmission, modern research has re-

vealed that non-invasive stimulation of branches of this neural structure – for example,

at the neck (cervical branch) or ear (auricular branch) – may have therapeutic effects

for conditions as diverse as tinnitus (Ylikoski et al., 2017), heart failure (Tran et al.,

2019; Kumar et al., 2023), and metabolic syndrome (de Moraes et al., 2023); wherein

improved autonomic balance was observed.

Previous research in visually induced motion sickness has demonstrated decreased

parasympathetic neural activity during nauseogenic stimulation (reviewed in Farmer

et al., 2014b); thus, suggesting that prevention or reversal of this withdrawal in parasym-

pathetic tone could represent a key therapeutic target for ameliorating motion sickness

severity. Non-invasive electrical stimulation modalities such as transcutaneous elec-

trical nerve stimulation (TENS) (Chu et al., 2012, 2013) and transcutaneous electri-

cal acustimulation (TEA) (Zhao et al., 2022) have shown potential to normalise mo-

tion sickness-associated autonomic imbalances, however, no study has yet examined

whether electrically stimulating the vagus nerve may have a similarly positive influence.

To address this research gap, I investigated transcutaneous auricular VNS (taVNS)

– a novel neuromodulation tool for effective vagal afferent stimulation – for potential al-

leviation of motion sickness severity. I collected electrocardiogram (ECG) data to char-

acterise taVNS-induced changes in HRV, and ECG morphology (shape) and variability

in a human model of motion sickness. Additionally, I recorded the subjective responses

of motion sickness symptom severity to test for behavioural effects as well as probe the

relationship with taVNS administration-related physiological changes. Of note, parts

of this chapter have been modified from research described in Molefi, McLoughlin and

Palaniappan (2023a,c, 2024).
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5.2 Methods

5.2.1 ECG Data Processing

ECG signal acquisition has been described in the “Materials and Methods” chapter. All

ECG signals were processed and analysed in MATLAB R2022a, R2023a, and R2024a

using custom scripts. For Dataset 1 (i.e., data from Study 1, see Chapter 3 for more

details), epoch selection was identical to that previously described (Molefi, McLough-

lin and Palaniappan, 2023a), and based on a combination of percept- and condition-

based analysis methods used in previous studies in the literature (LaCount et al., 2011;

Sclocco et al., 2016; Toschi et al., 2017). Briefly, using the continuous ECG recordings,

I extracted 5 min epochs from “Baseline” and “Nausea” intervals. The 5 min “Baseline”

epochs were extracted prior to nauseogenic visual stimulation onset (see Figure 4

on page 49). Epoch extraction for the “Nausea” interval was performed by applying

the following logic: 5 min epochs were obtained prior to nauseogenic stimulus offset

if the participant completed the full 20 min interval of nauseogenic visual stimulation

without providing a nausea subjective rating of at least 2 (moderate nausea), or for

scenarios where the participant triggered premature stoppage of the nauseogenic vi-

sual stimulation due to a subjective feeling of severe nausea; moreover, for participants

reporting a nausea subjective rating of at least 2, the 5 min epochs were obtained prior

to the maximum nausea rating reported. For Dataset 2 (data from my second study,

see Chapter 3 for additional details), epoch preparation was performed as previously

described (Molefi, McLoughlin and Palaniappan, 2024); whereby 5 min epochs were

obtained at “Baseline” (prior to nauseogenic stimulus onset), “Stimulation” (prior to

nauseogenic stimulus offset), and “Recovery” (following nauseogenic stimulus offset)

experimental intervals, respectively.

For R-peak detection, the raw ECG signals were first visually inspected for the pres-

ence of disturbances and distortions. Next, I used the Pan-Tompkins algorithm (Pan

and Tompkins, 1985) for detection of the QRS complexes. Briefly, the Pan-Tompkins

algorithm involves performing bandpass filtering between 5 and 15 Hz to attenuate
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various unwanted spectral content (e.g., 50 Hz power-line noise, muscle noise, base-

line wander, and T wave interference) from an ECG signal (Figure 16b), followed by

a derivative filter to obtain QRS complex slope information (Figure 16c), a squaring

function to amplify high frequency content (i.e., QRS complexes) (Figure 16d), and ap-

plying a moving-window integrator to provide waveform feature information including

the slope of the R wave (Figure 16e). Finally, adaptive thresholding is applied to obtain

the locations of the QRS complexes (Pan and Tompkins, 1985). In my implementation

of this algorithm, to prevent phase distortion, I used the filtfilt MATLAB function

to perform zero-phase filtering. Following QRS complex detection, and the ensuing R-

peak detection, the RR time series (RR intervals) were generated. I performed visual

inspection to ensure the quality of the RR time series retained.

Separate ECG signal processing was performed for analysis that did not necessi-

tate R-peak detection. Here, the ECG signals were zero-phase highpass and lowpass

filtered using 4th-order Butterworth filters with cutoff frequencies of 0.5 and 30 Hz, re-

spectively. To remove electrical stimulation-evoked artifacts, I performed notch filtering

at 20 Hz using a high-order Butterworth infinite impulse response (IIR) filter; this was

implemented using the designNotchPeakIIR MATLAB function. Next, the ECG signals

were normalised to lie within the range [0, 1].

5.2.2 Heart Rate Variability (HRV)

I performed HRV analysis in accordance with recommended standards by the Task

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

ing and Electrophysiology (1996). For HRV methods that were not fully addressed in

this aforementioned standardisation document – in particular, nonlinear methods – I

referred to Sassi et al. (2015). It is important to note that a wide range of parameters

can be derived from the HRV signal; here, I focus on those that were reviewed in sec-

tions Autonomic Effects of taVNS and Autonomic Effects of Motion Sickness. Plus, an

additional heretofore unexplored measures which demonstrated potential to advance

our understanding of taVNS-mediated physiological changes.
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Figure 16: Pan–Tompkins QRS algorithm procedures. (a) A 10 s ECG signal for one
example participant. (b) Output of bandpass filter. (c) Output of differentiator. (d)
Output of squaring procedure. (e) Output from performing moving-window integration.
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Time-Domain Analysis

All statistical HRV time-domain measures that were studied in this chapter are sum-

marized in Table 14. Of note, in addition to computing most of the well-established

measures recommended by the Task Force of the European Society of Cardiology and

the North American Society of Pacing and Electrophysiology (1996), I also calculated

more recently proposed measures which have been demonstrated to be useful at dis-

tinguishing between physiological and pathological states – namely, the percentage

of absolute differences in successive NN values > 20 ms (Mietus et al., 2002), and

the ratio of standard deviation of NN intervals (SDNN) to root mean square of succes-

sive differences of NN intervals (RMSSD) (Balocchi et al., 2006). To calculate these

measures (Table 14), for an RR series RR = (RR1, RR2, ..., RRn), including N succes-

sive intervals, I obtained the mean RR interval using Equation (16), and corresponding

mean heart rate via Equation (17), defined respectively here as:

RR =
1
N

N

∑
n=1

RRn (16)

HR = 60/RR . (17)

SDNN, a marker of overall HRV, and RMSSD, an indicator of parasympathetic neu-

ral activity, were calculated respectively in the standard way by:

SDNN =

√√√√ 1
N − 1

N

∑
n=1

(RRn − RR)2 (18)

RMSSD =

√√√√ 1
N − 1

N−1

∑
n−1

(RRn+1 − RRn)
2 (19)

For the pNNx family of statistics, I calculated the widely used and standard pNN50

measure (Ewing, Neilson and Travis, 1984; Task Force of the European Society of

Cardiology and the North American Society of Pacing and Electrophysiology, 1996).

Additionally, I calculated the pNN20 statistic, proposed by Mietus et al. (2002). These
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Table 14: HRV time-domain measures.

Parameter Description

NN Mean of NN intervals

HR Mean heart rate

SDNN Standard deviation of NN intervals

RMSSD Root mean square of successive differences of NN intervals

pNN20 Percentage of successive NN intervals that differ by > 20 ms

pNN50 Percentage of successive NN intervals that differ by > 50 ms

SDNN/RMSSD Ratio of SDNN-to-RMSSD interbeat interval variability

SDSD Standard deviation of successive NN intervals

measures were computed using Equation (20), where x is 20 and 50 ms for pNN20

and pNN50, respectively. Note that x can be a value between 5 and 100 ms.

pNNx =
1

N − 1

N−1

∑
n−1

(|RRn+1 − RRn| ≥ x)× 100 . (20)

The ratio between SDNN and RMSSD can be calculated from the measures given

by Equations (18) and (19):

SDNN/RMSSDratio =
SDNN

RMSSD
. (21)

Frequency-Domain Analysis

Because the HRV signal is inherently nonstationary, to perform RR series power spec-

tral density (PSD) estimation, I used the Lomb-Scargle periodogram (Lomb, 1976;

Scargle, 1982) method. This was achieved using the MATLAB plomb function. Note

that unlike the commonly used nonparametric fast Fourier transformation (FFT) for

spectral power decomposition of heart rate, the Lomb-Scargle periodogram method

does not require a uniformly sampled RR series. Moreover, early work from Moody

(1993) demonstrated that this method produces robust PSD estimates of heart rate.

To illustrate the output of PSD estimation via these two approaches, I obtained the



5.2. METHODS 94

Lomb-Scargle PSD estimate (Figure 17c), and the Welch PSD estimate (Figure 17d),

for an example ECG signal (Figure 17a). It is important to point out that subtraction of

the mean and cubic spline interpolation at 4 Hz preprocessing steps were performed

prior to the computation of the Welch PSD estimate shown in Figure 17d; example

MATLAB code of how this was achieved is presented in Code 5.1. While other resam-

pling or interpolation methods are possible – for example, linear interpolation – cubic

spline interpolation is often preferred because it augments LF, and HF power. HRV

literature reports a range of resampling rates between 1 and 10 Hz. We choose 4 Hz in

accordance with a relevant previous study in nausea perception (LaCount et al., 2011).

Code 5.1: Mean subtraction and cubic spline interpolation for HRV spectral power

decomposition via FFT- or wavelet-based PSD estimates.

NN = diff(locs);
tNN = cumsum(NN);

NNnorm = NN − mean(NN);

fs4Hz = 4;
vq = tNN(1):1/fs4Hz:tNN(end);
NNinterp = interp1(tNN(:),NNnorm(:),vq(:),"spline");

% Welch’s power spectral density estimate
[pxx,f] = pwelch(NNinterp,[],[],2ˆnextpow2(length(NNinterp)),fs4Hz);

To accomplish HRV spectral feature extraction, I derived the spectral components

presented in Table 15 following the Task Force of the European Society of Cardiology

and the North American Society of Pacing and Electrophysiology (1996) guidelines.

Here, I calculated power in the very low frequency (VLF; ≤ 0.04 Hz) range in order to

compute low frequency (LF) and high frequency (HF) power components in normalized

units (n.u.) using Equations (22) and (23) below. To normalize the LF/HF ratio measure,

I took the natural logarithm (ln) of the calculated values as given by Equation (24).

LFnorm =
LF power

Total power − VLF power
× 100 (22)

HFnorm =
HF power

Total power − VLF power
× 100 (23)
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Figure 17: Using plomb to estimate and plot the PSD of the nonuniformly sampled
signal. (a) A 10 s ECG signal for one example participant. (b) RR interval for a 120 s
ECG segment. (c) Output of plomb function. (d) Output of pwelch function.



5.2. METHODS 96

Table 15: HRV frequency-domain measures.

Parameter Description Frequency band

Total power Variance of NN intervals ≤ 0.40 Hz

VLF Power in very low frequency range ≤ 0.04 Hz

LF Power in low frequency range 0.04–0.15 Hz

HF Power in high frequency range 0.15–0.40 Hz

LF/HF Ratio of LF-to-HF power

lnLF/HFratio = log
(

LF power
HF power

)
(24)

Nonlinear-Domain Analysis

While the clinical meaning and application of HRV nonlinear methods are yet to be

widely recognised, it is indisputable that the genesis of HRV comprises nonlinear phe-

nomena. Hence the long-held view that HRV assessment via these nonlinear param-

eters, represent good potential to provide additional physiological insights and inter-

pretation on HRV beyond traditional methods – that is, time- and frequency-domain

analyses. Accordingly, I investigated the set of parameters summarised in Table 16.

While these parameters were not originally addressed in the early Task Force of the

European Society of Cardiology and the North American Society of Pacing and Elec-

trophysiology (1996) standards, most of them were critically reviewed and summarised

in Sassi et al. (2015).

Poincaré Plot. Poincaré plot analysis was performed by plotting NNn+1 as a function

of NNn (see Figure 18 for illustration); enabling summarisation and assessment of

HRV dynamics through a geometric, or phase space representation. For Poincaré

plot quantitative analyses, I fitted ellipsoids to the resultant point cloud in this phase

space representation, as depicted in Figure 18; and subsequently derived the standard

deviation of Poincaré plot of RR intervals perpendicular to the line-of-identity (SD1) –
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Table 16: HRV nonlinear measures.

Parameter Description

SD1 Standard deviation of Poincaré plot of RR intervals perpendicular to
the line-of-identity

SD2 Standard deviation of Poincaré plot of RR intervals along the
line-of-identity

CVI Cardiac vagal index

CSI Cardiac sympathetic index

SampEn Regularity and complexity of a time series

FuzzyEn Regularity and complexity of a time series

LLE Chaos and complexity of a time series

see Equation (26) – and standard deviation of Poincaré plot of RR intervals along

the line-of-identity (SD2) – see Equation (27) – from the fitted ellipsoids (Figure 18;

Tulppo et al., 1996). As illustrated in Figure 18, SD1 and SD2 correspond to the length

of the minor and major axes of the fitted ellipsoid, respectively. Physiologically, the

SD1 measure corresponds to short-term HRV; whereas the SD1 measure captures

short- and long-term HRV. To perform qualitative visual analyses of the Poincaré plots,

I classified their geometric properties – which have been demonstrated to be indicative

of perturbations in parasympathetic and sympathetic modulation – as follows: “comet

shape” for balanced sympathetic-parasympathetic activity; “tight cluster” for complete

autonomic blockade; and “cigar shape” for parasympathetic blockade (or unopposed

sympathetic activity) (Brennan, Palaniswami and Kamen, 2002).

SDSD =

√√√√ 1
N

N

∑
n=1

[(RRn − RRn+1)− (RR − RRn+1)]
2 (25)

SD1 =

√√√√ 1
N − 1

N−1

∑
n=1

(RRn − RRn+1)
2

2
=

√
2

2
SDSD (26)
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Figure 18: Poincaré plot for the normal-to-normal interval (NNn+1) versus the subse-
quent interval (NNn).

SD2 =

√√√√ 1
N − 1

N−1

∑
n=1

(RRn + RRn+1 − 2HR)2

2
=

√
2SDNN2 − 1

2
SDSD2 (27)

Because the Poincaré plot quantitative metrics (i.e., SD1, SD2) have been demon-

strated to characterise HRV dynamics similar to existing time-domain measures of the

HRV (Brennan, Palaniswami and Kamen, 2001) – also shown in Equations (25) to (27)

– and, including the fact that the RMSSD has been reported to be identical to the met-

ric SD1 (Ciccone et al., 2017); I thus additionally examine the Poincaré/Lorenz plot

according to Toichi et al. (1997); computing the parameters cardiac vagal index (CVI)

and cardiac sympathetic index (CSI) as given by Equations (28) and (29), respectively,

via the definitions of SD1 and SD2 from Equations (26) and (27), respectively. Im-

portantly, Toichi et al. (1997) concluded that these measures – that is, CVI and CSI

– are reliable markers of short-term cardiac parasympathetic (vagal) and sympathetic

function, respectively.
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CVI = log10(SD1 ∗ SD2) (28)

CSI =
SD2
SD1

(29)

Sample Entropy (SampEn). To measure the regularity and complexity of the RR

time series, I computed the sample entropy (SampEn) (Richman and Moorman, 2000).

Of note, the SampEn family of statistics was developed to overcome the shortcomings

of the early approximate entropy (ApEn) (Pincus, Gladstone and Ehrenkranz, 1991);

which included computation of inconsistent results, a bias effect (due to inclusion of

self-matches), and a dependency on time series data length; for this reason, in addi-

tion to the fact that values generated by both methods are interpreted and used alike,

I consider its computation over ApEn. Elaborate details of computing SampEn have

long been presented by Richman and Moorman (2000), and hence described here

briefly. Given an N-point time series, embedding dimension m and radius of similarity

r, the correlation integral is defined using Cm
i (r) =

Nm
i (r)

N−m and average regularity com-

puted via Equation (30). In the same vein, Φ(m+1)(r) can be defined by considering

m + 1 points. The SampEn value can then be computed using Equation (31) (Rich-

man and Moorman, 2000). I performed all calculations for SampEn and Fuzzy Entropy

(FuzzyEn) using m = 2 and r = 0.2, based on previous research (Richman and Moor-

man, 2000; Solı́s-Montufar, Gálvez-Coyt and Muñoz-Diosdado, 2020).

Φm(r) =
∑N−m

i=1 Cm
i (r)

N − m
, (30)

SampEn(m, r, N) = − ln
Φ(m+1)(r)
Φ(m)(r)

. (31)

Fuzzy Entropy (FuzzyEn). Chen et al. (2007) expatiated on the FuzzyEn mecha-

nism. Methodologically, FuzzyEn is akin to SampEn with the important exception that,

here, a fuzzy membership function µ(dm
ij , r) = e− ln(2)(dm

ij /r)2
is used to calculate the
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similarity degree between two vectors; this puts emphasis on the vectors’ shapes as

opposed to their absolute coordinates – which is the case for both ApEn and SampEn.

Following this import of a fuzzy function, Equation (30) gets applied and the FuzzyEn

statistic estimated using Equation (32):

FuzzyEn(m, r, N) = − ln
Φ(m+1)(r)
Φ(m)(r)

. (32)

Largest Lyapunov Exponent (LLE). To estimate the level of chaos and complexity

of HRV dynamics, I computed the largest Lyapunov exponent (λ1) – well-documented

by Rosenstein, Collins and De Luca (1993). Briefly, defining λ1 as d(t) = Ceλ1t where

d(t) is the average divergence of trajectories at time t, and constant C normalizes their

initial separation; Rosenstein, Collins and De Luca (1993) demonstrated that λ1 can

thus be computed precisely using a least-squares fit to the “average” line defined by

y(i) =
1

∆t
⟨ln dj(i)⟩ , (33)

where ⟨ ⟩ indicates averaging over all values of j. Because of the time compo-

nent in Equation (33), I performed cubic spline interpolation at 4 Hz prior to computing

the LLE value; for cubic spline interpolation I used the same approach as illustrated

in Code 5.1.

Time-Frequency Analysis

To evaluate the dynamics of HRV, I computed the smoothed pseudo Wigner-Ville dis-

tribution (SPWVD) (Cohen, 1995) of the RR series data; knowing that this has the

added advantage of revealing how the frequency components of a signal varies over

time. Importantly, being able to observe the progression of symptoms as the participant

suffers bouts of sickness may help elucidate how motion sickness evolves, in addition

to how taVNS may be involved in the sickness evolution process. Prior to computing

the SPWVD, I performed a 4 Hz cubic spline interpolation to obtain a uniformly sam-

pled RR series (see Code 5.1 for illustration of performing cubic spline interpolation).
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We may recall from section Frequency-Domain Analysis that this preprocessing step is

necessary for frequency/time-frequency decomposition when methods such as those

based on Fourier transforms, or wavelet-based PSD estimates are applied (i.e., these

approaches assume uniform sampling) (Toschi et al., 2017; Task Force of the Euro-

pean Society of Cardiology and the North American Society of Pacing and Electro-

physiology, 1996). Next, I computed the Hilbert transform to obtain the analytic signal

association to the HRV signal. Finally, to compute a high-resolution time-frequency

power representation of the HRV, I performed the SPWVD – a well-known method for

its good time-frequency resolution and robustness towards cardiovascular signal anal-

ysis (Orini et al., 2012). In MATLAB, computing the SPWVD can be performed using

the wvd function with the “smoothedPseudo” argument as illustrated in Code 5.2. The

SPWVD method has previously been utilised in obstructive sleep apnea (OSA) detec-

tion using the ECG (e.g., Quiceno-Manrique et al., 2009), in addition to the detection of

drowsiness (e.g., Vicente et al., 2016). The SPWVD is a member of the Cohen’s class

family of time-frequency distributions (Cohen, 1995), and can be defined as follows:

SPWVDg,H
x (t, f ) =

∫ ∞

−∞
g (t) H ( f ) x

(
t +

τ

2

)
x∗

(
t − τ

2

)
e−j2π f tdτ (34)

where ∗ denotes complex conjugation. The term g(t) represents performing a con-

volution (smoothing) in time. Whereas, the term H( f ) represents spectral smoothing of

g(t) using the FFT. Of utmost importance, by looking at the local features of the signal

x in time t, SPWVD enables independent smoothing in time and in frequency (Pola

et al., 1996); this is one of the notable advantages for why the SPWVD was performed

herein. Further, because the SPWVD performs a smoothing in time and frequency, it

thus attenuates interference terms – which can have negative values – that often com-

plicate the interpretation of a distribution computed using the Wigner-Ville distribution

(WVD) (Cohen, 1995). Moreover, it is important to remark that the SPWVD is superior

at computing a high-resolution time-frequency representation of a signal compared to

other methods such as the multitaper spectrogram (MTSP) (Orini et al., 2012), and

short-time Fourier transform (STFT) (i.e., spectrogram) (Ahmed, Djebbari and Benab-

dellah, 2018).
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Code 5.2: Computing the smoothed pseudo Wigner-Ville distribution (SPWVD).

% Compute the smoothed pseudo Wigner−Ville distribution
[d,f,t] = wvd(x,fs,"smoothedPseudo");

5.2.3 Symmetric Projection Attractor Reconstruction (SPAR)

To quantify and visualise ECG morphology and variability, I performed symmetric pro-

jection attractor reconstruction (SPAR) – a novel mathematical tool inspired by nonlin-

ear dynamical systems, that transforms any approximately periodic signal into a two-

dimensional (2D) representation (attractor) (Aston et al., 2014, 2018; Nandi, Venton

and Aston, 2018; Nandi and Aston, 2020; Lyle and Aston, 2021). Importantly, in addi-

tion to using all of the available time series data, factoring out baseline variation, being

robust to signal outliers, and computationally simplistic, the SPAR method has been

shown to characterise dynamics of cardiovascular function different to standard meth-

ods, such as HRV (Aston et al., 2014). Moreover, this method has been demonstrated

to work for ECG signals (Lyle et al., 2017).

Because SPAR transformation has been documented in detail previously (Aston

et al., 2018; Lyle and Aston, 2021), it is described here in brief. Given an ECG time

series x(t) (Figure 19a), perform phase space reconstruction via Takens’ delay coordi-

nate embedding (Takens, 1981) with an embedding dimension of N = 3 to define (As-

ton et al., 2018)

y(t) = x(t − τ), z(t) = x(t − 2τ), (35)

where time delay τ > 0 is defined as 1/N of the average cardiac cycle length

(i.e., mean RR interval). To determine the average cardiac cycle length, we used the

Pan-Tompkins algorithm (Pan and Tompkins, 1985) for QRS detection. Of note, while

the average cycle length can be determined via QRS detection algorithms such as

Pan-Tompkins for ECG signals; equally reliably, spectral decomposition using fft-based

methods can be utilised, as shown in Code 5.3. Plotting the embedded points in phase
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space results in a three-dimensional (3D) attractor (Figure 19b). Next, to remove base-

line shift – for example, which may result from respiration and movement – the 3D

reconstructed attractor is projected onto a plane (v, w) that is orthogonal to the vector

[1, 1, 1] via (Aston et al., 2018):

v =
1√
6
(x + y − 2z), w =

1√
2
(x − y). (36)

Plotting (v, w) generates a 2D attractor as depicted in Figure 19c. Masked in this

2D attractor, is information about the degree of overlap between trajectories of the em-

bedded points; to reveal this information, we derived a density (i.e., heatmap) from the

observed attractor as shown in Figure 19d. To interpret the 2D attractor with overlaid

density (Figure 19d), the red colour indicates regions that are visited more frequently

(high density), whereas the less frequently visited (low density) regions tend to a blue

colour.

Code 5.3: MATLAB code to compute average cycle length (ACL) via the Fourier trans-

form.

ecgnorm = ecg − mean(ecg);

[pxx,f] = periodogram(ecgnorm,[],[],fs);

[pk,maxFreq] = findpeaks(pxx,NPeaks=1,SortStr="descend");
acl = 1/f(maxFreq);

figure, hold on
plot(f,pxx)
plot(f(maxFreq),pk,"o")

xlim([0 10])
xlabel("Frequency"), ylabel("Magnitude")

Since the ECG is a complex waveform, hereinafter I perform SPAR via the gener-

alised implementation presented in Lyle and Aston (2021). Using this advanced imple-

mentation, an ECG time series x(t) with period T is embedded into N ≥ 3 dimensions

using the time delay τ = T/N by the coordinates xN,j(t) = x(t − jτ), j = 0, ..., N − 1;

next Lyle and Aston (2021), define the aN,k(t) and bN,k(t) coordinates as
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Figure 19: Generation of a two-dimensional (2D) attractor from an electrocardiogram
(ECG) signal. (a) A 10 s ECG signal for one example participant. (b) A three-
dimensional (3D) reconstructed attractor for N = 3 embedding using Takens’ delay
coordinates. (c) A 3D reconstructed attractor projected onto a plane (v, w) perpen-
dicular to the vector [1, 1, 1]. (d) A 2D attractor overlaid with a density (i.e., heatmap).
Reproduced from Molefi, McLoughlin and Palaniappan (2024).

aN,k(t) =
1√
N

N−1

∑
j=0

cos(2π jk/N)xN,j(t),

bN,k(t) = − 1√
N

N−1

∑
j=0

sin(2π jk/N)xN,j(t)

(37)

for k = 1, ..., ⌊(N − 1)/2⌋. Throughout this chapter and the next (i.e., Using Su-

pervised Learning to Predict Motion-Induced Nausea, and Effects of taVNS), I use

k = 1 for all embedding projections. Figure 20 shows example attractors obtained via

this higher embedding dimensional implementation. As a side note, the SPAR method
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Figure 20: Electrocardiogram (ECG)-derived symmetric projection attractor reconstruc-
tion (SPAR) images in response to sham and taVNS. (sham) The (N, k) attractors
generated from a 10 s ECG signal of one example participant for N = 3, 4, 5, 6 embed-
dings from sham condition, (taVNS) and taVNS condition. Reproduced from Molefi,
McLoughlin and Palaniappan (2024).

in this extended implementation can also be interpreted from the perspective of ap-

plying the discrete Fourier transform (DFT) to the time delay coordinates; including

from the context of the Koopman operator theory (Rowley et al., 2009; Arbabi and

Mezic, 2017). For SPAR quantitative analyses, I derived the radial density distribution

(r density), θ density distribution (θ density), and attractor outline r from the obtained

attractors (see Figure 21); herein, I work with the maximum values of these attractor

measure set profiles, including the maximum density of the attractor (maximal density).

5.2.4 Statistical Analysis

All statistical analyses were performed using MATLAB (R2022b, R2023a, and R2024a).

I report data as median and quartiles, or mean ± standard error of the mean (SEM).

Paired-sample tests were used for comparisons including HRV and SPAR parame-

ters (Student’s t-test) and for MSAQ and SSQ scores (Wilcoxon signed rank test). I
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Figure 21: Example attractors for embedding dimensions N = 4, derived from elec-
trocardiogram (ECG) signals of a participant at sham and taVNS conditions (left), and
respective attractor measures including the radial density distribution (r density), θ den-
sity distribution (θ density), and attractor outline r from the obtained attractors (right).

computed Pearson’s correlation coefficient (expressed as Pearson r) for normally dis-

tributed data; and Spearman’s rank correlation coefficient (expressed as Spearman ρ)

for non-normally distributed data. Time-frequency representations (TFR) of SPWVD

were examined using non-parametric permutation-based statistics. I note that the idea

of permutation-based statistics is heavily used in neuroscience; however, the methods

are amenable to statistical analysis of time-frequency matrices. Early, neuroscience
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focused research comprehensively detailed the theory and justifications of permuta-

tion statistics (Cohen, 2014; Nichols and Holmes, 2002). All permutation-based sta-

tistical tests were two-tailed. At the participant level, I examined TFR power using

pixel-based permutation statistics (i.e., to correct for multiple comparisons). At each

of the 1000 random permutations, I extracted the two most extreme values (i.e., min-

imum and maximum) from the TFR difference matrix to generate a null distribution.

Then the threshold was determined by taking the 2.5th and 97.5th percentiles from

the distribution, applying p = 0.05. Clusters found using this statistical method can be

observed in (Figure 22c). To examine the differences in the time-frequency representa-

tions of SPWVD at the sample level, I used non-parametric cluster-based permutation

tests (Maris and Oostenveld, 2007). From the basis of a significance threshold at (p =

0.05), I computed a z-value, which, in turn, was used to threshold the z-transformed

time-frequency power difference between verum and sham condition. To generate a

null distribution, I performed 1000 random permutations, where at each permutation

extracting the maximum cluster mean of the z-values. Our pilot analysis is based on

discussing the temporal clusters found as shown in (Figure 23b). However, it is wor-

thy of caution that clusters identified using this method may represent effects detected

though maybe not supported by the permutation test (Sassenhagen and Draschkow,

2019). A difference worthy of note between cluster and extreme-pixel correction is that,

cluster correction tends to support bigger clusters. Whereas, pixel-based correction is

more stringent though it can detect smaller clusters or single pixels. Hence, our ratio-

nale for using cluster correction at the sample level. Normality tests were performed

using the Shapiro-Wilk test (Shapiro and Wilk, 1965). Aside from our pilot data, all

statistical tests were two-tailed at (p < 0.05).

5.3 Results

5.3.1 HRV Responses to Motion-Induced Nausea

To establish the physiological effect of the nauseogenic stimulation on motion sickness

induction, I evaluated HRV temporal and spectral parameters in a pilot study sample of
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Figure 22: Time-varying power representations of heart rate variability (HRV) using the
smoothed pseudo Wigner-Ville distribution (SPWVD) for an example participant. (a)
Time-frequency power during sham (baseline subtracted) condition (b) and tES (base-
line subtracted) condition. (c) Shows the time-frequency power difference between
(Sham vs Baseline) and (tES vs Baseline). A statistical pixel-based permutation test
using a pixel-level significance threshold of p < 0.05 revealed 1 cluster around 270-290
s (two-tailed non-parametric permutation tests). The significant cluster (region) is out-
lined by a black contour in (c). Reproduced from Molefi, McLoughlin and Palaniappan
(2023a).

14 participants; differences in these parameters were compared by contrasting nausea

state against baseline. In line with previous reports (Cowings et al., 1986; Holmes and

Griffin, 2001; LaCount et al., 2009; Kim et al., 2011), I observed marked increases in

HR during motion sickness-induced nausea as compared to baseline state (Table 17).
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Figure 23: Time-varying power representations of heart rate variability (HRV) using the
smoothed pseudo Wigner-Ville distribution (SPWVD) at the sample level. (a) Time-
frequency power representation showing the power differences in tES and sham con-
dition (after baseline subtraction within each condition). (b) Statistical z-map of the
time-frequency power representation at the sample level, based on a cluster-level sig-
nificance threshold p < 0.05 (two-tailed non-parametric permutation tests). Significant
clusters (regions) are indicated by black contours on the statistical z-map. Reproduced
from Molefi, McLoughlin and Palaniappan (2023a).

Moreover, I found that in the presence of nauseogenic stimulation, participants exhib-

ited greater levels of overall HRV as measured by SDNN (Table 17); a similar obser-

vation was reported by Park et al. (2014), wherein motion sickness was induced via a

3D video. There was also a trend toward reduced parasympathetic neural activity in

response to motion-induced nausea as quantified by the RMSSD; however, this was

not significant (Table 17).

All HRV spectral parameters revealed marked differences during nausea compared

to baseline; more specifically, I observed increases in normalised LF power and LF/HF

ratio, and a reduction in normalised HF power (Table 17) – consistent with previous
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Table 17: A summary of the results. Data are mean ± SEM. Adapted from Molefi,
McLoughlin and Palaniappan (2023c).

Autonomic parameters Baseline Nausea p-value
HR (bpm) 70.06± 2.91 72.57± 2.73 0.0258
SDNN (ms) 62.07± 6.94 73.14± 8.09 0.0136
RMSSD (ms) 53.45± 7.68 50.04± 7.29 0.0962
LF (n.u.) 46.26± 4.91 60.82± 6.02 0.0021
HF (n.u.) 53.74± 4.91 39.18± 6.02 0.0021
LF/HF (ln) −0.19± 0.23 0.49± 0.29 0.0026
SDNN/RMSSD 1.24± 0.09 1.57± 0.13 0.0006
CSI 2.25± 0.19 2.97± 0.27 0.0005
CVI 3.39± 0.10 3.45± 0.09 0.1082
SampEn 1.67± 0.06 1.52± 0.08 0.0275
FuzzyEn 1.27± 0.05 1.14± 0.06 0.0006
LLE 0.67± 0.01 0.64± 0.01 0.0004

studies (Yokota et al., 2005; Kim et al., 2011; Lin et al., 2011; LaCount et al., 2011).

These results suggest that nauseogenic stimulation reliably induces marked physiolog-

ical arousal in healthy humans.

I then extended my analyses to use Poincaré maps to evaluate whether nonlin-

ear HRV dynamics were characterised differently during motion-induced nausea com-

pared to baseline. Figure 24 shows the resulting topography of autonomic dynamics for

two example participants; visually, nauseogenic stimulation produced ellipsoids with a

longer and narrower area, portraying a “cigar shape” – which is indicative of increased

sympathetic neural response. An average over all participants revealed a pronounced

difference in CSI (Table 17) – a Poincaré quantitative marker of sympathetic activa-

tion. This is consistent with work demonstrating increased CSI response during motion

sickness induced via a motion video (Farmer et al., 2015). I observed no significant

differences between motion-induced nausea and baseline for CVI (Table 17).

Next, I investigated whether nauseogenic stimulation changed measures of physio-

logic complexity and chaos, as compared with baseline. I observed that during motion-

induced nausea, participants exhibited a high degree of regularity; that is, lower values

of SampEn and FuzzyEn, compared to baseline (Table 17 and Figure 25ab). All values

of the LLE were positive; a feature of physiologic chaos. Contrasting LLE responses at
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Figure 24: Poincaré plots illustrations for Baseline and Nausea states for two example
participants. Reproduced and rearranged from Molefi, McLoughlin and Palaniappan
(2023c).

baseline with those during nausea state showed significantly reduced chaos activity in

the physiology of the participants (Table 17 and Figure 25c).
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Figure 25: Nonlinear HRV comparisons for Baseline and Nausea states for all partici-
pants (n = 14) (a) Sample entropy (SampEn), (b) Fuzzy entropy (FuzzyEn), (c) Largest
Lyapunov exponent (LLE). Adapted from a poster for Molefi, McLoughlin and Palaniap-
pan (2023c).

5.3.2 Effects of taVNS on HRV for Motion-Induced Nausea

Compared to sham, taVNS demonstrated increased parasympathetic neural activity as

assessed by RMSSD (t = −2.09, p = 0.0451), pNN20 (z = −2.43, p = 0.0151), and

pNN50 (z = −2.39, p = 0.0167) (Figure 26). Furthermore, I observed a taVNS-induced

differential increase in HF power (z = −2.06, p = 0.0397; Figure 26), in comparison to

sham. Notably, these results suggest that stimulating the tragus of the left ear increases

vagal tone.

In addition to the traditional time- and frequency-domain analysis, I compared HRV

nonlinear measure changes of taVNS to sham; preliminary evidence of reduced physi-

ologic complexity and chaos was reported by in a pilot study of healthy participants un-

dergoing nauseogenic stimulation (HRV Responses to Motion-Induced Nausea; Molefi,

McLoughlin and Palaniappan, 2023c). Both the SampEn and FuzzyEn – indicators of

HRV regularity and complexity – did not show significant differences between the two

conditions; this is unsurprising since these measures share methodological resem-

blance. However, I observed a taVNS-related marked increase in the values of the

LLE, suggesting that taVNS may have a role in normalising the level of chaos in auto-

nomic function.
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Figure 26: Time- and frequency-domain HRV comparisons for sham and taVNS condi-
tions for all participants (n = 32) (a) Root mean square of successive differences of NN
intervals (RMSSD), (b) Percentage of successive NN intervals that differ by > 20 ms
(pNN20), (c) Percentage of successive NN intervals that differ by > 50 ms (pNN50),
(d) high frequency HRV power (HF).

5.3.3 Differential Effects of taVNS for Motion Sickness on ECG SPAR

Transforms

Further investigating taVNS-induced effects, I demonstrate that when comparing quan-

titative measures of ECG-derived attractor images (see Figure 20), including the radial
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(r) density, theta (θ) density, attractor r outline, and maximal density across four attrac-

tor embedding dimensions (i.e., N = 3, 4, 5, 6), significant differences are revealed be-

tween taVNS and sham stimulation (Figure 27) (n = 29). I found significant differences

between taVNS and sham in the attractor measures of N = 3, 4, 5, 6 embeddings dur-

ing and following electrical stimulation. Specifically, marked reductions were observed

for peak theta density (t = 2.76, p = 0.0101, d = −0.83; Figure 27b), and maximal

density (t = 2.42, p = 0.0223, d = −0.77; Figure 27d) attractor measures but not

for the peak radial density (Figure 27a) and peak attractor outline (Figure 27c) during

taVNS versus sham.

Furthermore, attractor measures following taVNS and sham administration revealed

taVNS-induced reductions in peak radial density (t = 2.13, p = 0.0417, d = −0.41; Fig-

ure 27e), peak theta density (t = 2.91, p = 0.0069, d = −0.95; Figure 27f), and max-

imal density (t = 2.47, p = 0.0199, d = −0.66; Figure 27h); but no difference was

observed for peak attractor outline responses (Figure 27g).

For additional analyses, I computed correlations between changes in SSQ nausea

scores and MSB scores, and changes in attractor measures that revealed marked

significance. Maximal density during taVNS versus sham demonstrated a high positive

correlation with MSB (Spearman ρ = 0.52, p = 0.0040); however, this significance

was not observed for the post-stimulation interval. I also found a marked negative

correlation between peak theta density for post-taVNS versus post-sham with SSQ

nausea scores.

5.4 Discussion

Here I examined how HRV dynamics, and ECG morphology and variability of healthy

human volunteers change during and following either active taVNS or sham adminis-

tration concurrent with nauseogenic stimulation. My findings reveal that when taVNS

is administered at the tragus of the left ear during motion-induced nausea, it induces

a differential increase in markers of parasympathetic neural activity including RMSSD,

pNN20, pNN50, and HF power, in comparison to sham stimulation at the left earlobe.
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Figure 27: Attractor features show marked reductions by taVNS versus sham stimula-
tion. (a-d) Violin plots showing attractor measures as percentage change from baseline
across all participants for N = 3, 4, 5, 6 embeddings during sham and taVNS adminis-
tration. (e-h) And following sham and taVNS administration. Solid lines indicate mean;
dashed lines indicate median. n.s., not significant. Reproduced from Molefi, McLough-
lin and Palaniappan (2024).

Furthermore, taVNS demonstrated a marked increase in the level of physiologic chaos,

as measured by the LLE. Moreover, I demonstrate here for the first time that ECG-

derived SPAR transforms can differentiate the effects of taVNS on ECG morphology

and variability from sham stimulation, suggesting SPAR as a useful quantification and

visualisation tool to assay taVNS effects on the ECG – both for motion-induced nausea

and other conditions where taVNS is being applied.

I found that taVNS administration, when compared to sham stimulation, demon-

strated an increase in all of the HRV measures that have long been suggested to be

reflective of cardiac vagal tone (Figure 26). These differential effects are in line with

previous results showing that HRV measures including RMSSD, pNN50, and HF power

are significantly augmented by taVNS in healthy individuals (Keute et al., 2021; Geng

et al., 2022; Maestri et al., 2024). Here I additionally show that pNN20 – a statistic of

the pNNx family that has been demonstrated to show profound sensitivity in differenti-

ating normal and pathological conditions (Mietus et al., 2002) – captures the effects of
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taVNS in individuals provoked with a nauseogenic stimulus. We have long known that

RMSSD and pNN50 are highly correlated; and that both these measures have a strong

link with HF power (Kleiger, Stein and Bigger Jr, 2005). It is thus not surprising that

all revealed a differential response to taVNS. Interestingly, that I observed a marked

change in pNN20 in tandem, suggests consistency in my observed taVNS-induced ef-

fects, in addition to the implication that this measure may play an important role as a

physiological readout for activation of the vagus nerve. Taken together, my findings

suggest an increase in parasympathetic neural activity induced by acute taVNS during

nauseogenic stimulation. Importantly, indicating that autonomic neural modulation via

taVNS may maintain or restore autonomic balance to desirable levels; thus, pivotal in

states of increasing levels of motion-induced nausea where perturbations in autonomic

balance are observed.

In addition to showing that taVNS evokes elevated levels of parasympathetic tone

during motion-induced malaise, I found that participants also exhibited greater levels of

physiological chaos with taVNS versus sham. It has long been suggested that healthy

heart rate dynamics are complex, and chaotic (Goldberger, Rigney and West, 1990). In

other words, perturbed cardiac physiology reveals autonomic nervous system dynam-

ics that are less complex – and susceptible to a decline in adaptive capacity. Indeed,

early evidence implicated aging and disease with negative affect on physiologic com-

plexity (Lipsitz and Goldberger, 1992). Contributing to this notion, this work previously

demonstrated that participants exposed to a nauseogenic visual stimulus showed a

marked reduction in physiological chaos (Molefi, McLoughlin and Palaniappan, 2023c).

Suggesting that the aversive experience of motion-induced nausea denatures the in-

trinsic variability of autonomic control; thereby, reducing its coping mechanism. My

observation that taVNS leads to increased physiological chaos during exposure to nau-

seogenic stimulation suggests that participants had improved capacity to offset motion

sickness symptom severity.

One of the most novel findings in this work is the differential effects revealed by

ECG-derived attractor measures during and following the administration of taVNS ver-

sus sham. taVNS (20 Hz) administration has been demonstrated previously to prolong
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sinus cycle length in atrial fibrillation (Stavrakis et al., 2015); most importantly, suggest-

ing that transcutaneous electrical stimulation of the auricular branch of the vagus nerve

at the tragus leads to alterations in ECG morphology (shape) and variability. Herein,

by using SPAR, I was able to show that taVNS differential effects on ECG shape may

be indexed by ECG-derived attractor measures (Figure 27); in turn, providing initial in-

sights for the hypothesis that this analytical tool may play an important role in facilitating

evaluation of taVNS-induced effects on ANS function.

While I found significant alterations in peak radial density post-stimulation to sug-

gest that taVNS attractors had lower density compared to sham, peak theta density

appeared to be the most sensitive measure of taVNS response, showing large effect

sizes (robust Cohen’s d > 0.8) in taVNS-induced reductions in attractor density both

during and following stimulation. Furthermore, I observed a marked relationship be-

tween the peak theta density metric and a significant reduction in motion sickness

severity symptoms (as measured by SSQ nausea scores), suggesting that reduced

attractor density may be a reliable physiological readout of taVNS for motion-induced

nausea management. Previous work considered higher attractor densities to convey

dynamics in ECG T wave morphology (Lyle et al., 2017); hence, I surmise here that

taVNS may be inducing shifts in ECG T wave morphology and, in turn, ventricular re-

polarization, thus providing a mechanism by which participants experience less severe

malaise with taVNS in contrast to sham.

My data additionally indicate that taVNS consistently reduced maximal density of

the attractors both during and following stimulation (Figure 27d, h). Importantly, this

finding is consistent with evidence showing significantly lower attractor maximal den-

sity during vasodilation (Thanaj, Chipperfield and Clough, 2019). Moreover, prior work

demonstrated that undergoing a head-up tilt of 60 degrees increases maximal den-

sity (Nandi and Aston, 2020); although the sample size was small, the authors sug-

gested that this increase was reflective of reduced waveform variability. From this

finding, it can be inferred that taVNS may be promoting increased ECG variability, sug-

gesting potential physiologic utility in taVNS for motion-induced nausea. Together, this

also suggests a plausible explanation for the peak radial density observation discussed
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above.

5.5 Conclusion

My studies provide initial evidence to suggest that taVNS could be a potent therapeutic

for visually induced motion sickness. However, this will need to be confirmed in future

at-scale studies. Considering that currently the most effective non-pharmacological

intervention for motion sickness is habituation (Keshavarz and Golding, 2022); these

findings further suggest a notable step forward in addressing the critical unmet need

for novel therapeutic options toward motion sickness management. My results also

demonstrate that SPAR can successfully be applied to evaluate differential effects of

taVNS therapy. Moreover and importantly, my results raise the possibility that taVNS

may be beneficial for other sources of nausea – for example, chemotherapy-induced

nausea.



Chapter 6

Using Supervised Learning to

Predict Motion-Induced Nausea,

and Effects of taVNS

6.1 Introduction

The electrocardiogram (ECG) is an essential tool for assessing the electrical activity

of the heart; importantly, it provides detailed insights into the morphological charac-

teristics of heart function and dysfunction. However, the ECG is limited in scope since

most researchers in the vagus nerve stimulation (VNS) literature – for both invasive and

non-invasive VNS modalities – utilise it to derive the heart rate variability (HRV) signal

and, consequently, examine vagally-mediated HRV measures for insights into effective

vagal stimulation; except for studies investigating conditions that have established mor-

phological properties in the ECG, such as sudden cardiac death (Schomer et al., 2014;

Verrier et al., 2016; Pukropski et al., 2024) and atrial fibrillation (Stavrakis et al., 2015,

2020; Kulkarni et al., 2021). This work takes a different perspective to ECG time series

analysis in tandem with machine learning (ML), with the aim of gaining insights into

ECG morphology and variability through the use of the waveform data in its entirety,

and thus, utilise the ECG to its maximum potential.

119
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To the author’s knowledge, only two other recent studies have investigated target

engagement of afferent vagal pathways via non-invasive vagal stimulation using ML

methods. In recent work using transcutaneous cervical VNS (tcVNS) for traumatic

stress triggers, Gurel et al. (2020) examined whether biomedical sensing modalities

including the ECG, photoplethysmogram (PPG), seismocardiogram (SCG), and respi-

ratory effort (RSP), and physiological features extracted therein could determine the

stimulation type – that is, active tcVNS or sham. Their study demonstrated that ECG-

derived heart rate, PPG-derived vasomotor activity, and ECG- and PPG-obtained pulse

arrival time, yielded sufficient information to detect target engagement of tcVNS in com-

parison to sham with an area under the receiver operating characteristic curve (AUC) of

0.96. In the study by Tarasenko et al. (2022), which examined transcutaneous auricular

VNS (taVNS) on stress processing, the authors showed that an ML model trained on

RR series data extracted from the ECG, and time traces of HRV-derived measures in-

cluding the low frequency (LF) and high frequency (HF) power components, and their

ratio, LF/HF, in addition to the standard deviation of NN intervals and the root mean

square of successive differences of NN intervals (RMSSD), classified taVNS versus

null stimulation with an accuracy of 70%.

Here, in lieu of utilising the ECG as a proxy for HRV signal derivation, I consid-

ered ECG time series directly; whereby, I leveraged the morphological properties of

the ECG via the symmetric projection attractor reconstruction (SPAR) method. SPAR

has been proposed as a technique capable of quantifying and visualising subtle dif-

ferences in the ECG which are highlighted by the attractor. To recall from Chapter 5,

SPAR – a nonlinear dynamical systems-inspired mathematical tool – was originally in-

troduced in Aston et al. (2018), extended by Lyle and Aston (2021), and described

briefly herein [see Symmetric Projection Attractor Reconstruction (SPAR)]. Previous

work has suggested that SPAR can be useful in investigating cardioactive drug effects

of dofetilide from ECG recordings, especially when embedding in higher dimensions,

given the complexity of the ECG signal (Lyle, Nandi and Aston, 2019). In another study,

SPAR was employed to explore the changes of the microcirculatory dynamics and clas-

sify two haemodynamic steady states via linear discriminant analysis from blood flow
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signals (Thanaj, Chipperfield and Clough, 2019). I have previously demonstrated the

utility of SPAR to differentiate taVNS-driven effects from sham stimulation (Chapter 5).

In this chapter, my focus was to investigate whether features extracted from ECG-

derived attractor images could facilitate detection of electrical stimulation type – that is,

active taVNS versus sham – and thus inform on stimulation delivery.

Additionally, I performed a set of experiments that were based on transfer learning –

a widely used technique in deep learning applications – to determine ECG-derived at-

tractors that show differential response to motion-induced nausea. In transfer learning,

a model previously trained on a larger dataset is fine-tuned to learn a new task using

a smaller amount of data (Weiss, Khoshgoftaar and Wang, 2016). Transfer learning

plays an important role in healthcare because of limited datasets due to various rea-

sons that include, most importantly, limited participant cohorts. Of note, parts of this

chapter have been adapted from research previously described in Molefi and Palaniap-

pan (2024) and Molefi, McLoughlin and Palaniappan (2024).

6.2 Experiment 1: Transfer Learning of Motion-Induced Nau-

sea ECG SPAR Transforms

6.2.1 Methods

Here, I considered the dataset described in Table 18; these data are attractor images

generated from ECG recordings of 12 participants at rest (i.e., baseline) and during

nausea via SPAR transformation; for elaborate details on SPAR see Symmetric Pro-

jection Attractor Reconstruction (SPAR) in Chapter 5. It is important to note here that

SPAR allows for subtle differences in the raw ECG time series to be highlighted through

attractor reconstruction. That is, SPAR provides a good feature space for which better

classification of the two states – baseline versus nausea – may be observed. Figure 28

shows an illustration of how an attractor image is generated from an ECG time series.

Briefly, for an ECG time series x(t), phase space reconstruction is performed based

on Takens’ delay coordinate embedding (Takens, 1981); for an N-dimensional phase
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Table 18: Dataset description for Experiment 1: Transfer Learning of Motion-Induced
Nausea ECG SPAR Transforms; these data are attractor images computed from 10
s ECG signals obtained from 12 participants during states of “baseline” and “nausea”
(see Figure 28 for how an attractor image is computed from an ECG time series).

Participant Baseline Nausea Baseline + Nausea
PT 01 18 18 36
PT 02 18 18 36

...
...

...
...

PT 12 18 18 36
n = 12 216 216 432

space, this procedure facilitates generation of N time series via xi(t) = x(t − (i − 1)τ)

for i = 1, ..., N, where time delay τ is computed as 1/N of the mean cardiac cycle

length. By projecting the reconstructed attractor onto a plane (v, w) orthogonal to the

vector [1, 1, 1], a two-dimensional (2D) attractor is obtained which when a density (i.e.,

heatmap) is applied to, can provide visually informative and quantifiable changes in

ECG morphology and variability (Aston et al., 2018; Lyle and Aston, 2021). For attrac-

tor generation, I considered embedding dimensions N = 3, 4, 5, 6; enabling the com-

putation of attractors as displayed in Figure 29. Prior to SPAR transformation, ECG

epochs (n = 432) of 10 s duration were detrended, smoothed with a Savitzky-Golay

filter, and range normalized to the interval [0, 1]. For each participant, there were 36 at-

tractor images with 18 images per each state, that is, “baseline” and “nausea” (Table 18)

– for each embedding dimension. The computed attractors were persisted to storage

in portable network graphics (PNG) format with a resolution of 1000 × 1000 pixels and

in colour to respectively prevent compression artefacts and ensure compatibility with

some classification approaches I explored below (e.g., CNNs).

To examine whether computational models can differentiate normal ECG-derived

attractors from those showing signs of malaise (Figure 29), I explored a number of

approaches that accept images as input; some of these approaches were a novel

analysis of attractor image data while others – for example, CNNs – had been previ-

ously demonstrated to have potential for classification of attractor images. The four

approaches I considered are summarised below:
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Figure 28: Generation of a two-dimensional (2D) attractor from an electrocardiogram
(ECG) signal. (a) A 10 s ECG signal for one example participant. (b) A three-
dimensional (3D) reconstructed attractor for N = 3 embedding using Takens’ delay
coordinates. (c) A 3D reconstructed attractor projected onto a plane (v, w) perpen-
dicular to the vector [1, 1, 1]. (d) A 2D attractor overlaid with a density (i.e., heatmap).
Reproduced from Molefi, McLoughlin and Palaniappan (2024).

Singular Value Decomposition (SVD)

The singular value decomposition (SVD) is a matrix factorisation that can be used to

compute optimal, low-rank approximations (Brunton and Kutz, 2019). In addition, the

SVD has an important role as a data reduction tool; in particular, as the underlying al-

gorithm of principal component analysis (PCA). Previous work has demonstrated inter-

esting properties of the SVD in the so-called eigenfaces example (Turk and Pentland,

1991; Swets and Weng, 1996; Belhumeur, Hespanha and Kriegman, 1997; Brunton

and Kutz, 2019); wherein the SVD is performed on a dataset of facial images to extract

the most dominant correlations among the images of human faces. Akin to eigenfaces,
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the aim here was to compute the SVD on the obtained attractor image data whereby, in

this context, the SVD produces a low-rank embedding space that may enable differen-

tiation of baseline versus nausea attractors. Code 6.1 demonstrates example MATLAB

code for computing such a low-rank embedding space or feature space for the SPAR

transformed images using the MATLAB svd function. The data in the matrix U provide

a coordinate system such that projecting an attractor image (from a baseline or nausea

condition) onto the first r PCA modes – r here can be chosen by observing the singular

values in the matrix S – enables a set of coordinates to be obtained. Importantly, pro-

jecting the attractor images from the conditions onto principal components that have

captured the most useful features for telling the two conditions apart provides the basis

for classification.

Code 6.1: Performing SVD on mean-subtracted attractor image data.

XData = [baselineAttractors nauseaAttractors];
X = XData − mean(XData(:));

% Perform singular value decomposition (SVD), such that X = U∗S∗V’
[U,S,V] = svd(X,"econ");

Bag of Features

Like the SVD, this was a novel approach to classification of SPAR transformed images

between baseline and nausea. The notion here being to organise attractor images

obtained at baseline and nausea conditions into baseline and nausea categories, re-

spectively. Interpreting the attractor image data in this way allows for image category

classification by creating a bag of features (or a bag of visual words) (Csurka et al.,

2004; Nister and Stewenius, 2006). This approach creates a vocabulary – or bag of

features – via the speeded-up robust features (SURF) detector – as applied in this

case – to extract features from the attractor images; and uses them to train an image

category classifier. I implemented this by using the bagOfFeatures MATLAB function

as shown in Code 6.2.

Code 6.2: Attractor image category (baseline vs. nausea) classification using bag of

features.
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bag = bagOfFeatures(trainingData);

categoryClassifier = trainImageCategoryClassifier(trainingData,bag);

confusionMatrix = evaluate(categoryClassifier,testData);

Vision Transformer (ViT)

Here, I considered a pretrained vision transformer (ViT) neural network; which is a

network model that encodes image inputs into feature vectors using the transformer

architecture (Dosovitskiy, 2020). This network comprises two main components: the

backbone performs feature extraction from the input images; and the classification

head maps the extracted features to prediction scores. Fine-tuning of the model to

perform classification on attractor image data was implemented using transfer learn-

ing; note that this technique is also used below when considering CNNs given the

limited dataset. This was implemented by obtaining the ViT neural network using the

visionTransformer MATLAB function, and fine-tuning only the attention layers and

freezing the other learnable parameters (Touvron et al., 2022); training was performed

using the trainnet function. Note that similar to the SVD and bag of features, the ViT

approach was applied here to SPAR transformed images for the first time.

Convolutional Neural Networks (CNNs)

Deep convolutional neural networks (CNNs) have previously been demonstrated to

have potential in attractor image classification (Aston et al., 2019; Venton et al., 2021).

In particular, Aston et al. (2019) investigated the use of deep learning via transfer

learning in classification of attractor images derived from ECG signals of wild-type

and Scn5a+/− mutant mice; their findings prompted me to investigate whether these

methods could aid us gain insights into human data as well, especially given the com-

plexity of motion-induced nausea. I considered a total of six pretrained deep neural net-

works from the MATLAB R2023b Deep Learning ToolboxTM (https://github.com/matlab-

deep-learning/MATLAB-Deep-Learning-Model-Hub; The MathWorks, Inc., Natick, MA,

USA); namely, the DenseNet-201 (Huang et al., 2017), ResNet-50 (He et al., 2016),

https://github.com/matlab-deep-learning/MATLAB-Deep-Learning-Model-Hub
https://github.com/matlab-deep-learning/MATLAB-Deep-Learning-Model-Hub


6.2. EXPERIMENT 1 126

B
a
s
e
li
n
e

N = 3, k = 1 N = 4, k = 1 N = 5, k = 1 N = 6, k = 1

N
a
u
s
e
a

Figure 29: Example attractors for embedding dimensions N = 3, 4, 5, 6, generated
from electrocardiogram (ECG) signals of a participant at baseline (i.e., rest) and during
nausea states. Modified from Molefi and Palaniappan (2024).

ResNet-101 (He et al., 2016), Xception (Chollet, 2017), Inception-v3 (Szegedy et al.,

2016), and Inception-ResNet-v2 (Szegedy et al., 2017) CNNs. Of all the approaches I

investigated, this approach showed consistent results and thus, the ensuing methods,

results, and discussion of this experiment will be based on analyses performed using

this approach (i.e., using CNNs).

To perform transfer learning using the CNNs approach, I used augmented image

datastores to automatically resize the attractor images to the input size of the of the

respective network for compatibility (e.g., 224 × 224 for DenseNet-201); Figure 30 illus-

trates the transfer learning workflow for this experiment. Because the last few layers

(i.e., network head) of these network models are configured for 1000 classes, I fine-

tuned these final layers for the new binary classification task (“baseline” and “nausea”

classes); replacing the last layer with learnable weights with a new fully connected

layer with an output size of 2 (setting the learning rate factor for weights and biases

on this layer to 10; to learn faster). Additionally, I replaced the classification layer with

a new one without class labels. For neural network training, I used the trainNetwork

MATLAB (R2023b) function; of note, this function automatically sets the output classes

of the classification layer during model training. It is also important to note that, at the
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Figure 30: Deep transfer learning of ECG-derived attractor image data from ECG sig-
nals recorded at Baseline and Nausea states. Adapted from a poster for Molefi and
Palaniappan (2024).

time of writing this, MATLAB no longer recommends using the trainNetwork function,

and instead suggests using the updated function trainnet – which I used for the ViT

neural network training above.

I utilized Bayesian optimization with 100 iterations to tune the hyperparameters (1)

mini-batch size (MiniBatchSize:[32 256]); (2) initial learning rate (InitialLearnRate:

[1e-2 1]); (3) contribution of previous parameter update step (Momentum:[0.8 0.98]);

and factor for L2 regularization (i.e., weight decay) (L2Regularization:[1e-10 1e-2]),

using the stochastic gradient descent with momentum (SGDM) solver. These hyper-

parameters were tuned for each of the six pretrained deep neural networks men-

tioned above (i.e., ResNet-50, ResNet-101, DenseNet-201, Xception, Inception-v3,

and Inception-ResNet-v2). To evaluate model performance and robustness, I imple-

mented the leave-one-participant-out cross-validation (LOPOCV) procedure; whereby,

I left out all images of one participant from the training images. This is of utmost im-

portance to avoid biased classification performance. I iterated this procedure for each

of the 12 participants in this experiment.
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Experimental Setup. To conduct the experiments, I used the Hydra cluster – a server

on the University of Kent School of Computing High Performance Computing facility

– to execute MATLAB code scripts. To manage jobs within the cluster, I used the

SLURM workload manager (https://slurm.schedmd.com); a Slurm script from one of

my experiments to request the required GPU resources is presented in Code 6.3. All

transfer learning experiments were performed in MATLAB R2023b on a node consisting

of a single 80GB NVIDIA A100 GPU.

Code 6.3: A Slurm script to request the required GPU resources.

#!/bin/bash

#SBATCH −p gpu
#SBATCH −−gres=gpu:1
#SBATCH −−mem=80G
#SBATCH −−job−name=Seadragon
#SBATCH −−output=Seadragon.txt
#SBATCH −−mail−type=begin,end
#SBATCH −−mail−user=em576@kent.ac.uk

matlab −nodisplay −batch em seadragon

Statistical Analysis. All statistical analyses were performed using MATLAB (R2023b,

and R2024a). Model performance optimization and evaluation were performed using

Bayesian optimization and a LOPOCV procedure, respectively. I assessed the area un-

der the receiver operating characteristic curve (AUC), which is a robust metric of clas-

sification performance; an AUC of 1 represents perfect classification and an AUC of 0.5

corresponds to random classification. The statistical property of the AUC is equivalent

to the nonparametric Wilcoxon rank sum test; that is, representing the probability with

which the model ranks a randomly chosen positive instance higher than a randomly

chosen negative instance. Additional to ROC curve plots, I computed the accuracy

performance metric; however, it should be noted that the AUC is a more useful mea-

sure of classification performance compared to accuracy. The accuracy performance

metric in the standard way and also via a majority voting scheme whereby a condi-

tion (baseline or nausea) was correctly classified if the number of correctly classified

https://slurm.schedmd.com
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Table 19: Pretrained neural networks results for binary classifications at four attrac-
tor embedding dimensions, presented as accuracy % (top), majority vote % (bottom).
Reproduced from Molefi and Palaniappan (2024).

Network 3 4 5 6
ResNet-50 67.13 69.21 68.52 68.98

70.83 79.17 75.00 83.33
ResNet-101 69.21 70.37 65.51 67.59

79.17 79.17 66.67 66.67
DenseNet-201 70.14 67.59 70.14 69.91

75.00 70.83 79.17 79.17
Xception 65.05 66.44 62.50 65.28

75.00 66.67 66.67 66.67
Inception-v3 67.82 67.13 62.04 66.20

87.50 83.33 66.67 79.17
Inception-ResNet-v2 66.67 68.52 65.28 69.68

70.83 83.33 66.67 70.83

attractor images was at least 19; recall that there are 18 attractor images per condi-

tion (see Table 18). Note that this approach of majority vote is based on previously

described methods (Aston et al., 2019; Bonet-Luz et al., 2020; Huang et al., 2022).

6.2.2 Results

The binary image classification results of all the pretrained neural networks I stud-

ied for attractor image analysis are summarized in Table 19; for each network, the

top row presents scores using accuracy as a metric, whereas the bottom row shows

accuracy scores using majority voting (see Statistical Analysis above for how this

was implemented). Figure 31 presents the ROC curves of all the networks for each

of the four embedding dimensions. I observed that the DenseNet-201 network out-

performed the other networks in detecting the response to motion-induced nausea

as evaluated by accuracy for attractors generated using N = 3, 5, and 6 points (Ta-

ble 19). Using the AUC as a metric, I found that ResNet-50 and ResNet-101 both

achieved AUC scores considered acceptable for 4-point attractors (AUC = 0.7091

and AUC = 0.7275, respectively; Figure 31a, b). Moreover, the DenseNet-201 model

demonstrated acceptable AUCs for attractors computed using embedding dimensions



6.2. EXPERIMENT 1 130

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0
T

ru
e
 P

o
s
it
iv

e
 R

a
te

ResNet-50a

N3 (AUC = 0.6802)

N4 (AUC = 0.7091)

N5 (AUC = 0.6962)

N6 (AUC = 0.6883)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0

T
ru

e
 P

o
s
it
iv

e
 R

a
te

ResNet-101b

N3 (AUC = 0.6885)

N4 (AUC = 0.7275)

N5 (AUC = 0.6637)

N6 (AUC = 0.6937)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0

T
ru

e
 P

o
s
it
iv

e
 R

a
te

DenseNet-201c

N3 (AUC = 0.7325)

N4 (AUC = 0.6932)

N5 (AUC = 0.6953)

N6 (AUC = 0.7098)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0
T

ru
e
 P

o
s
it
iv

e
 R

a
te

Xceptiond

N3 (AUC = 0.6128)

N4 (AUC = 0.6675)

N5 (AUC = 0.6329)

N6 (AUC = 0.6434)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0

T
ru

e
 P

o
s
it
iv

e
 R

a
te

Inception-v3e

N3 (AUC = 0.6712)

N4 (AUC = 0.6796)

N5 (AUC = 0.6251)

N6 (AUC = 0.6791)

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

0.0

0.2

0.4

0.6

0.8

1.0

T
ru

e
 P

o
s
it
iv

e
 R

a
te

Inception-ResNet-v2f

N3 (AUC = 0.6620)

N4 (AUC = 0.6623)

N5 (AUC = 0.6680)

N6 (AUC = 0.6759)



6.2. EXPERIMENT 2 131

Figure 31: (a-f) ROC curves of all explored pretrained deep neural networks and em-
bedding dimensions showing the true positive rate (TPR), or sensitivity, versus the false
positive rate (FPR), or 1-specificity, for the “nausea” class. Reproduced from Molefi and
Palaniappan (2024).

(N = 3; AUC = 0.7325) and (N = 6; AUC = 0.7098) (Figure 31c). Xception, Inception-

v3, and Inception-ResNet-v2 models showed the lowest AUC values across all embed-

ding dimensions (Figure 31d, e, f), suggesting they were the least accurate at classify-

ing malaise versus healthy.

In response to Nauseogenic Stimulation, participants exhibited differential ECG

morphology that could be distinctively discerned in the attractors. Figure 29 sum-

marises the attractor appearance – at four embedding dimensions, i.e., N = 3, 4, 5, 6

– of an example participant during states of rest (i.e., baseline; top row panels) and

motion-induced nausea (bottom row panels). By performing visual examination of

attractor appearance, I noted differential features of motion sickness-induced nau-

sea (Figure 29; Nausea panels) compared to rest (Figure 29; Baseline panels). In

particular, I observed that the arms of the (3, 1) attractor at baseline are wider than

those of the nausea (3, 1) attractor (Figure 29). Moreover, the observation of a much

greater visual distinction between baseline and nausea (5, 1) attractors – portraying

how baseline attractors are less dense near the center than their nausea counter-

parts (Figure 29) – may explain the respectable performance demonstrated by the

DenseNet-201 network for N = 5 embedding, where it achieved 70.14% accuracy;

whereas using majority vote as a metric, obtained 79.17% accuracy (Table 19).

6.3 Experiment 2: Detection of taVNS Response Using ECG

SPAR-Based Features

6.3.1 Methods

Table 20 displays a description of the dataset I considered for this experiment; these

data are attractor images obtained from ECG recordings of 29 participants during a
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Table 20: Dataset description for Experiment 2: Detection of taVNS Response Using
ECG SPAR-Based Features; these data are attractor images computed from 10 s ECG
signals obtained from 29 participants during sham and taVNS conditions (see Figure 28
for how an attractor image is computed from an ECG time series).

Participant sham taVNS sham + taVNS
PT 01 30 30 60
PT 02 30 30 60

...
...

...
...

PT 29 30 30 60
n = 29 870 870 1740

sham and a taVNS condition. To generate these images, the raw ECG data were pre-

processed by first applying a 4th-order Butterworth bandpass IIR filter between 0.5 and

30 Hz (Dennison, Wisti and D’Zmura, 2016) to eliminate baseline wander and muscle

noise. Then, to remove electrical stimulation-evoked artifact, a Butterworth notch IIR

filter was applied at 20 Hz. Zero-phase filtering was performed to avoid phase distor-

tion. Finally, the artifact-free ECG time series were then used to extract 5 min epochs

at “baseline” (prior to nauseogenic stimulus onset), and “stimulation” (prior to nau-

seogenic stimulus offset). Prior to performing SPAR, these de-noised ECG data were

segmented into epochs of 10 s, and range normalized to the interval [0, 1]; then SPAR

transformation was performed followed by generation of attractor profiles (for elaborate

details, see the Methods section of Chapter 5). Following attractor profile generation,

in addition to maximal density, I extracted the peak values of the radial density distri-

bution, theta density distribution, and attractor outline in the θ direction, as attractor

measures, according to previously described methods (Lyle, Nandi and Aston, 2021).

Then I constructed attractor features for the classification task by deriving attractor

measures obtained from the “stimulation” interval as percentage change from “base-

line” attractor measures (for each participant at each condition, i.e., sham and taVNS).

In other words, the attractor features were computed as ∆ = 100((X − X0)/X0), where

X denotes “stimulation” intervals, and X0 denotes “baseline”.

For machine learning, I investigated a collection of classification-based models for

detection of taVNS response using ECG SPAR-based features; a subset of these clas-

sification models were previously studied by Gurel et al. (2020) on their examination
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Figure 32: Electrocardiogram (ECG)-derived symmetric projection attractor reconstruc-
tion (SPAR) images in response to sham and taVNS. (sham) The (N, k) attractors
generated from a 10 s ECG signal of one example participant for N = 3, 4, 5, 6 embed-
dings from sham condition, (taVNS) and taVNS condition. Reproduced from Molefi,
McLoughlin and Palaniappan (2024).

of target engagement detection in tcVNS for traumatic stress triggers. While those

based on an ensemble of learners for classification were included owing to their dif-

ferential performance at classifying malaise versus healthy (Keshavarz et al., 2022).

The explored classifiers were discriminant analysis, ensemble (with AdaBoostM1 and

LogitBoost), logistic regression, naı̈ve Bayes, neural network, and support vector ma-

chine (with Gaussian, linear, polynomial, and sigmoid kernels), as respectively imple-

mented by the functions fitcdiscr, fitcensemble, fitckernel, fitcnb, fitcnet, and

fitcsvm, in MATLAB 2023b. The response variable was a participant’s binary stimu-

lation type (taVNS or sham). Provided as input were attractor features constructed by

deriving attractor features obtained from above.

For model training, I used LOPOCV procedure (this was introduced in the previ-

ous experiment, see Convolutional Neural Networks (CNNs) in Experiment 1: Transfer

Learning of Motion-Induced Nausea ECG SPAR Transforms); that is, all data for one

participant were excluded from the training dataset and used for generalization. Of

note, LOPOCV is well-known as leave-one-subject-out cross-validation (LOSO-CV), a
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term utilized by Gurel et al. (2020); importantly, this procedure ensures that the training

dataset would not contain data of the test participant. This procedure was iterated for

each of the 29 participants. To find hyperparameters that minimize five-fold, ten-fold,

and leave-one-participant-out cross-validation loss, I used Bayesian optimization with

100 iterations. Table 21 shows the hyperparameters that were optimised for each of

the classifiers. All experiments were performed on a node consisting of a single 80GB

NVIDIA A100 GPU.

Statistical Analysis

All statistical analyses were performed using MATLAB (R2023b, and R2024a). Model

performance optimization and evaluation were performed using Bayesian optimization

and a LOPOCV procedure, respectively. Additionally, I computed the AUC metric sim-

ilar to Experiment 1: Transfer Learning of Motion-Induced Nausea ECG SPAR Trans-

forms; recall that an AUC of 1 represents perfect classification and an AUC of 0.5

corresponds to random classification.

6.3.2 Results

I used machine learning to perform classification of stimulation type – active or sham

taVNS – from a set of 20 features extracted from attractor image data derived from

records of ECG data obtained during taVNS and sham conditions (Table 20); Figure 32

presents sample attractors for one example participant. Of the trained classifiers, an

ensemble of boosted classification trees using adaptive logistic regression (LogitBoost)

classifier demonstrated great performance when minimizing five-fold (AUC = 0.72) and

ten-fold (AUC = 0.81) cross-validation loss (Table 22). Importantly, the results suggest

that the classification ensemble (AdaBoostM1 and LogitBoost) models show above



6.3. EXPERIMENT 2 135

Table 21: All the hyperparameters examined for each of the classification models used
for detection of taVNS response.

Model Hyperparameters

Discriminant Analysis
‘Delta’: [1e-6 1e3]
‘Gamma’: [0 1]
‘DiscrimType’: {‘linear’ ‘quadratic’ ‘diagLinear’
‘diagQuadratic’ ‘pseudoLinear’ ‘pseudoQuadratic’}
‘NumLearningCycles’: [10 500]
‘LearnRate’: [1e-3 0.3]
‘MinLeafSize’: [1 28]

Ensemble (AdaBoostM1)

‘MaxNumSplits’: [1 28]

Ensemble (LogitBoost)

‘NumLearningCycles’: [10 500]
‘LearnRate’: [1e-3 0.3]
‘MinLeafSize’: [1 28]
‘MaxNumSplits’: [1 28]
‘Lambda’: [1.7857e-7 1.7857e3]

Logistic Regression
‘Regularization’: {‘ridge’ ‘lasso’}

Naı̈ve Bayes

‘DistributionNames’: {‘normal’ ‘kernel’}
‘Width’: [1e-3 1e3]
‘Kernel’: {‘normal’ ‘box’ ‘epanechnikov’ ‘triangle’}
‘Standardize’: {‘true’ ‘false’}
‘NumLayers’: [1 5]
‘Activations’: {‘relu’ ‘tanh’ ‘sigmoid’ ‘none’}
‘Standardize’: {‘true’ ‘false’}
‘Lambda’: [1.7857e-7 1.7857e3]
‘Layer 1 Size’: [1 400]
‘Layer 2 Size’: [1 400]
‘Layer 3 Size’: [1 400]
‘Layer 4 Size’: [1 400]

Neural Network

‘Layer 5 Size’: [1 400]

SVM (Gaussian)
‘BoxConstraint’: [1e-3 1e3]
‘KernelScale’: [1e-3 1e3]
‘Standardize’: {‘true’ ‘false’}
‘BoxConstraint’: [1e-3 1e3]
‘KernelScale’: [1e-3 1e3]SVM (Linear)
‘Standardize’: {‘true’ ‘false’}

SVM (Polynomial)

‘BoxConstraint’: [1e-3 1e3]
‘KernelScale’: [1e-3 1e3]
‘PolynomialOrder’: [2 4]
‘Standardize’: {‘true’ ‘false’}
‘BoxConstraint’: [1e-3 1e3]

SVM (Sigmoid)
‘Standardize’: {‘true’ ‘false’}



6.4. DISCUSSION 136

Table 22: The AUC values of ten models for binary classification of taVNS ther-
apy response derived using LOPOCV with nested 5-fold, 10-fold, and leave-one-
participant-out cross-validation. AUC, area under the receiver operating characteris-
tic (ROC) curve; taVNS, transcutaneous auricular vagus nerve stimulation; LOPOCV,
leave-one-participant-out cross-validation; SVM, support vector machine. Reproduced
from Molefi, McLoughlin and Palaniappan (2024).

Model 5-fold 10-fold LOPOCV
Discriminant Analysis 0.72 0.69 0.72
Ensemble (AdaBoostM1) 0.71 0.79 0.72
Ensemble (LogitBoost) 0.72 0.81 0.67
Logistic Regression 0.69 0.69 0.69
Naı̈ve Bayes 0.66 0.69 0.69
Neural Network 0.67 0.53 0.55
SVM (Gaussian) 0.69 0.69 0.66
SVM (Linear) 0.72 0.69 0.66
SVM (Polynomial) 0.62 0.62 0.59
SVM (Sigmoid) 0.66 0.66 0.45

chance levels to reveal which electrical stimulation – taVNS or sham – a given par-

ticipant received; in particular, when using five-fold and ten-fold cross-validation (Ta-

ble 22). Notably, I observed that the AdaBoostM1 classifier also achieved an accept-

able AUC score with nested LOPOCV (AUC = 0.72). Furthermore, as presented in Ta-

ble 22, discriminant analysis, and SVM with linear kernel classifiers also obtained AUC

values considered acceptable (AUCs > 0.7).

6.4 Discussion

I applied a SPAR transformation based on nonlinear dynamical systems to compute

attractor images from ECG signals for detection of differential response to motion-

induced nausea, and taVNS therapy response. By fine-tuning a set of pretrained
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deep neural networks with transfer learning, wherein the networks examined ECG-

derived attractor images obtained at rest (baseline) and during malaise, I have pro-

vided evidence showing that the expression of motion-induced nausea could be deter-

mined from information encapsulated in these attractors. Furthermore, I have demon-

strated that machine learning models trained on features extracted from attractor im-

ages based on ECG responses during sham and taVNS conditions, reveal which elec-

trical stimulation – taVNS or sham – a given participant received – with an acceptable

classification performance as measured using the AUC.

Previous efforts using deep learning to detect motion sickness from physiological

signals have generally attempted to do so through multimodal signal fusion (Islam et al.,

2020; Hwang, Bang and Lee, 2022). In contrast, here I show for the first time that the

confluence of deep learning and SPAR reveals the potential of objectively identifying

individuals using the ECG – a simple, ubiquitous, and low-cost physiological modality.

I found that the models generally showed higher accuracy of malaise detection when

using a majority voting scheme – for example, Inception-v3 demonstrated a majority

vote accuracy of 87.50% for embedding dimension N = 3 (Table 19); without using

this scheme, the model showed random performance. However, when considering the

ROC curves (Figure 31), only the DenseNet-201 and ResNet-variant models achieved

acceptable AUC values, suggesting that this metric provided robust discriminatory

power of model performance compared to accuracy-based metrics. Overall, I note

that these models were not developed to specifically handle motion-induced malaise

attractor images; however, these observations suggest a potential avenue for attractor-

tailored deep learning algorithms to detect or predict motion sickness. Moreover, this

motivates future work to harness ECG SPAR-based transforms for early detection of

symptom onset – including potentially real-time malaise detection. Demonstrating this

has important implications for timely pharmacological or non-pharmacological (for ex-

ample, neuromodulation) therapeutic intervention.

Examining taVNS response with machine learning, I show that when trained on
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a set of ECG-derived attractor features, machine learning models demonstrate differ-

ential performance in detecting the electrical stimulation type (taVNS or sham) ad-

ministered to an individual participant. While the ensemble classifiers outperformed

other models when minimizing ten-fold cross-validation loss (Table 22), the LogitBoost

classifier showed higher discriminatory power – achieving an AUC value of 0.81. It is

important to remark that although my model’s predictive performance is potentially in-

teresting, especially for future taVNS protocols, a model from a tcVNS protocol (Gurel

et al., 2020) performed better. This could be attributable to the methodological differ-

ences that exist between this previous study and the study herein; most notably, the

notion that taVNS targets the auricular branch of the vagus nerve whereas tcVNS en-

gages the cervical branch. Early evidence showed that tcVNS elicited regional brain

activation comparable to that of taVNS (Frangos and Komisaruk, 2017); however, there

is currently no study showing that there could be analogous physiological effects on au-

tonomic function between the two modalities. Considering recent evidence for distinct

neural pathways revealed by taVNS and invasive cervical VNS from a study using a

rodent model (Owens et al., 2024), the implication may be that these modalities influ-

ence cardiovascular function differently. On the other hand, a more plausible expla-

nation is the fact that Gurel et al. (2020) performed model training using multimodal

inputs of ECG- and PPG-derived variables, which also enabled extraction of a signif-

icantly larger feature set (176 features in total) compared to that herein (20 features).

Indeed, multimodal signal fusion has an important role in machine learning applica-

tions for improving model performance (Baltrušaitis, Ahuja and Morency, 2018); and I

acknowledge that my model could have benefited from combining signals from other

modalities.

In earlier ML applications using SPAR features based on ECG data, the constructed

models were demonstrated to facilitate examination of dofetilide-induced antiarrhythmic

effects (Lyle, Nandi and Aston, 2019), detection of a genetic mutation in a murine

model of Brugada syndrome (Bonet-Luz et al., 2020), and differentiation between two

biologically distinct groups (Lyle, Nandi and Aston, 2021) – including the detection

of paroxysmal atrial fibrillation from normal sinus rhythm in equine athletes (Huang



6.5. CONCLUSION 139

et al., 2022). My findings add to this accumulating evidence and suggest that ECG

SPAR-generated features have potential to detect response to taVNS. Importantly, my

work implicates a model trained on these features for a role in adaptive taVNS; that is,

the modification of taVNS dosage in real-time based on autonomic nervous function

dynamics that co-vary with the severity of motion-induced malaise symptoms.

Although Figure 31 and Table 22 suggest that the models I considered here demon-

strated above chance level to detect differential response to motion-induced nausea,

and reveal which electrical stimulation (taVNS or sham) a given participant received,

respectively; there is still significant room for improvement on several aspects. First,

while my epoch length choice of 10 s is consistent with previous work (Lyle, Nandi

and Aston, 2019, 2021; Lyle and Aston, 2021), it may not have been optimal for my

experiments; suggesting future investigations to optimise epoch length. Notably, the

work of Huang et al. (2022) utilised an epoch length of 20 s for attractor generation.

Secondly, model performance improvement might have also been possible through

performing attractor embedding in higher dimensions compared to the maximum di-

mension (N = 6) considered herein – for example, Lyle, Nandi and Aston (2021) opti-

mised attractor generation over N = 3, 4, 5, ..., 17 and found that using attractors from

N = 3, 5, ..., 13 embeddings allowed for different features of the ECG to be amplified.

Third, here I performed my analyses on images/features of individual embedding di-

mensions (see Figure 31); however, constructing a feature set from all embeddings

coupled with appropriate feature selection methods implies further potential to improve

classification performance. Finally, all my experiments utilised projection k = 1; how-

ever, an embedding dimension N may have different projections k = 1, ..., ⌊(N − 1)/2⌋,

suggesting that optimising over these projections may enhance model performance.

6.5 Conclusion

The findings from my experiments reveal that ECG-derived attractors show potential

promise for detection of differential response to motion-induced nausea using deep

neural networks. This suggests that utilising SPAR-generated attractor images could
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lead to improved motion-induced nausea detection; further, it implies that manual fea-

ture extraction via SPAR transformation may potentially aid quantification and assess-

ment of new therapeutics for motion sickness management. Moreover, my findings

demonstrate that features extracted from ECG attractors could be helpful in determin-

ing taVNS therapy response; suggesting that exploiting these features – potentially

complemented by standard measures, for example, vagally-mediated HRV measures

– could support optimal and effective taVNS administration. Clearly, there is a need for

a more comprehensive examination of the wider role of SPAR for understanding and

predicting or detecting motion sickness effects on autonomic function; furthermore,

I would argue that the SPAR tool is worth investigating for non-invasive vagal nerve

stimulation therapies, especially for taVNS and tcVNS biomarker identification.



Chapter 7

General Discussion

7.1 Overview

This thesis presents analyses of brain, autonomic, and behavioural changes from two

crossover randomised controlled studies – one characterised as a pilot study (Study 1)

and one comprising a relatively larger cohort (Study 2) – wherein participants under-

going nauseogenic visual stimulation were administered taVNS (200 µs, 20 Hz) over

the left tragus. In Study 1, taVNS demonstrated a marked reduction in EEG theta

spectral power in regions of the brain implicated in motion-induced nausea, namely

frontal, parietal, and occipital cortices (Chapter 4; Molefi, McLoughlin and Palaniap-

pan, 2023b); moreover, autonomic data from this study revealed that tragus stimulation

led to improved HRV compared to sham (Chapter 5; Molefi, McLoughlin and Palaniap-

pan, 2023a).

For Study 2, a functional brain imaging technique called eLORETA was used to

perform EEG source localization. This technique helped identify electric neuronal gen-

erators underlying taVNS administration, and showed that, compared to sham, taVNS

induced differential neuronal response in the middle occipital gyrus (MOG; BA 19) that

generated theta oscillations (Chapter 4; Molefi, McLoughlin and Palaniappan, 2025).

Furthermore, examination of ECG records obtained in this study with the SPAR ap-

proach resulted in the identification of attractor responses evoked by taVNS compared

to sham (Chapter 5; Molefi, McLoughlin and Palaniappan, 2024). Additionally, I also

141
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demonstrated the application of machine learning methods for taVNS therapy response

detection using ECG-derived attractor features (Chapter 6; Molefi, McLoughlin and

Palaniappan, 2024).

Here, I discuss some of the limitations in the above-summarised studies and their

implications for the interpretation of the results as described therein and in Chapters 4

to 6. I suggest how these limitations may potentially account for the mixed evidence

in the literature thus far. Crucially, given that this thesis provides the first insights into

the effects of taVNS for motion-induced nausea, I highlight how future studies bear an

important role in addressing the subsequently discussed limitations in efforts to confirm

the findings herein.

7.2 Sham Condition in taVNS Studies

The pilot data in Chapters 4 and 5 (Molefi, McLoughlin and Palaniappan, 2023a,b) were

limited in that null stimulation was applied as a sham condition; that is, the electrical

stimulator was mounted to the earlobe but providing no active stimulation. While this

approach has been utilised previously (e.g., Hein et al., 2013), participants’ perception

of verum and sham stimulation could potentially bias the results. To address this, new

data were collected whereby actual stimulation of the earlobe was performed for the

sham condition (Chapters 4 and 5; Molefi, McLoughlin and Palaniappan, 2024, 2025).

Importantly, this latter method adheres to an international consensus (Farmer et al.,

2021); moreover, the earlobe is a hitherto most commonly used sham stimulation site

in taVNS literature; and we know from neuroimaging studies that earlobe stimulation

does not affect brainstem structures thought to be involved in taVNS mechanism, such

as the NTS and LC (Frangos, Ellrich and Komisaruk, 2015; Yakunina, Kim and Nam,

2017). While it should be noted that the earlobe (Butt et al., 2020) and, by extension,

control paradigms in non-invasive vagus nerve stimulation studies (Rajiah et al., 2022),

cannot be considered physiologically inert, early cadaveric evidence suggests that the

earlobe is free from vagal innervation and is innervated solely by the greater auricu-

lar nerve (Peuker and Filler, 2002). However, because the debate of whether earlobe
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stimulation may be recognised as the gold-standard for sham in taVNS studies remains

unresolved (Butt et al., 2020; Cheng et al., 2025), further research will be required to

corroborate the findings herein. In addition, future efforts should also consider stimu-

lating the scapha – a plausible sham site previously utilised in Fang et al. (2016), for

example – in lieu of the earlobe. Taken together, while pilot data herein should be

interpreted with caution, data from Study 2 are based on a sound implementation of

sham condition, and thus provide meaningful insights into taVNS neural and autonomic

changes toward amelioration of motion sickness.

7.3 taVNS Dosage for Motion-Induced Nausea

For taVNS dosage, both Study 1 and 2 utilised current-controlled 200 µs asymmetrical

biphasic square pulses at a rate of 20 Hz for a maximum of 20 min. As described earlier

(see Electrical Stimulation in the Materials and Methods chapter), the rationale behind

the selection of these stimulation parameters – pulse width and frequency, in particu-

lar – was supported by previously described methods (e.g., Beh and Friedman, 2019;

Tran et al., 2019; Cao et al., 2021). Early in research planning, a pulse width of 250 µs

had been proposed for this work, seeing as most of the reviewed studies adopted it

(see Tables 1 and 2 in the Literature Review chapter). However, initial testing of taVNS

administration with this pulse width setting – prior to the pilot study herein – was de-

scribed as painful. Programming the electrical stimulator to a lower pulse width of

200 µs produced tolerable stimulation; notably, this is the second most used parameter

setting for pulse width from the reviewed literature (Tables 1 and 2 in Literature Review).

A possible explanation for this differential sensitivity in tolerated stimulation may be due

to the fact that all the reviewed studies herein that employed a pulse width setting of

250 µs performed electrical stimulation using a Cerbomed Nemos® device (tVNS Tech-

nologies GmbH, Erlangen, Germany); whereas this thesis used the EM6300A TENS

device (Med-Fit UK Ltd, Stockport, UK). In their recent systematic review and meta-

analysis, Kim et al. (2022) found that device – and electrode – types used for taVNS
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administration varied significantly; with a majority of 22 studies (27.5%) utilising a Cer-

bomed Nemos® device. This suggests to future studies to explore taVNS for motion

sickness management using the Cerbomed Nemos® device, including the suggestion

that stimulation sensitivity – or more importantly, tolerability – may be device-specific.

Rationale for electrical stimulation of 20 min (maximum) is supported by previously

described methods (e.g., LaCount et al., 2009; Kim et al., 2011; LaCount et al., 2011;

Napadow et al., 2013; Sclocco et al., 2016; Toschi et al., 2017; also see Nauseogenic

Stimulation in the Materials and Methods chapter). Importantly, this stimulation dura-

tion setting conformed to the 10-20 min recommended dose for vagus nerve stimulation

by the device manufacturer. While Clancy et al. (2014) delivered electrical stimulation

at a high frequency (30 Hz) compared to that herein (20 Hz), the authors showed that

15 min of tragus stimulation induced enhanced and attenuated parasympathetic and

sympathetic neural activity, respectively. Furthermore, it is worthy to note that taVNS

effects have also been documented at a stimulation duration of 10 min (De Couck et al.,

2017), albeit this was observed with right cymba conchae stimulation. Together, this

suggests that the maximal stimulation duration for the protocol implemented here may

have been sufficient to observe taVNS-induced effects.

Acknowledging the limitation that only one dosage of taVNS (200 µs, 20 Hz) was

examined in this research, it is possible that the findings herein may not necessar-

ily generalise, including the potential that this electrical stimulation dosage may not

have been optimal for alleviation of motion-induced nausea. Nevertheless, the fact that

tailored stimulation current intensity was utilised in Study 2 for taVNS administration,

provides support for the reliability and efficacy of the proposed taVNS protocol; most

importantly, this sheds new light on neurostimulation for motion sickness via evalua-

tion of taVNS-induced effects on neural and autonomic function, including at the level

of behaviour. In sum, optimisation of the electrical stimulation parameters and inten-

sity levels needs to be further explored to fully unlock taVNS therapeutic potential and

enhance evidence for its application in mitigating motion sickness.
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7.4 Interpreting Differential eLORETA

LORETA – which has now been superseded by sLORETA (Pascual-Marqui, 2002) –

is a method used to estimate the 3D intracerebral current density distribution from

EEG data (Pascual-Marqui, Michel and Lehmann, 1994). The most recent implemen-

tation of this family of inverse solutions – eLORETA – reconstructs cortical electri-

cal activity with exact, zero error localization to test point sources (Pascual-Marqui,

2007; Pascual-Marqui et al., 2011). eLORETA has been demonstrated to outperform

sLORETA (Pascual-Marqui et al., 2011), and a systematic comparison of source local-

ization with sLORETA and eLORETA showed that eLORETA generates smoother and

better neuroimages (Jatoi et al., 2014). Recent neuroscience studies are increasingly

performing estimation of cortical activity with eLORETA (e.g., Canuet et al., 2011; Aoki

et al., 2015; Kaboodvand, Karimi and Iravani, 2024; Lee and Tramontano, 2024; Orui

et al., 2024). In the available literature to date, only one other study has investigated

the effects of taVNS on neural function using a LORETA-based method (Dimitrov and

Gatev, 2015); and the present work (Chapter 4; Molefi, McLoughlin and Palaniappan,

2025) is the first to examine taVNS brain effects using eLORETA – aiming to pave the

way for functional localization of taVNS-evoked neuronal activity in the human brain

from scalp-recorded EEG.

But what does eLORETA tell us – and not tell us – about neuronal activity? eLORETA

does not detect neuronal activity per se, but rather estimates it from the observable

EEG data. As described earlier in Chapter 2 (see Electroencephalography section),

EEG signals provide direct measurement of neural activity; however, EEG does not

reveal the source or location of brain areas generating this observed neuronal activity.

Identifying neuronal generators implicated in this measured brain response requires

solving an ill-posed inverse problem. eLORETA provides a solution to this problem by

computing the 3D distribution of the electrically active neuronal generators in the brain

as current density under the assumption of coherent firing of neighbouring cortical

pyramidal neurons (Pascual-Marqui et al., 2011).

Although eLORETA intracerebral current density signals are indirect measures of
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neural activity, it is important to note that they are still useful given that they have

marked crossmodal validity and agreement with various neuroimaging modalities, such

as positron emission tomography (PET) (Dierks et al., 2000; Pizzagalli et al., 2004;

Zumsteg et al., 2005), structural MRI (Worrell et al., 2000), and fMRI (Vitacco et al.,

2002; Mulert et al., 2004), including intracranial EEG (iEEG) (Zumsteg et al., 2006).

Moreover, evidence from recent research further validates eLORETA as a reliable EEG

source imaging tool (Smith, Cavanagh and Allen, 2018; Hauk, Stenroos and Treder,

2022; Popov et al., 2023; Allouch et al., 2023). In addition, previous research has

shown that eLORETA has differential performance at controlling for false positives com-

pared to other source localization methods (Halder et al., 2019). Importantly, these

studies provide encouraging support for the reliability and value of findings presented

in Chapter 4 (Molefi, McLoughlin and Palaniappan, 2025).

However, these findings should be interpreted with caution due to the spatial reso-

lution limitations inherent in eLORETA. This should not be surprising, given eLORETA

data are inferred from scalp recorded EEG signals which we know – despite having

excellent temporal resolution – characterise by low spatial resolution. Although the 64-

channel EEG recordings used herein are adequate for source reconstruction, higher

densities such as 128- or 256-channel EEG have been shown to improve spatial reso-

lution and localization accuracy of deep sources (Song et al., 2015). A possible alter-

native to address the limitation of spatial resolution would be to use fMRI; neuroimag-

ing with 7 Tesla fMRI yields higher spatial resolution compared to 3 Tesla fMRI. Most

importantly, with fMRI, it would be easy to detect brainstem nuclei implicated with differ-

ential taVNS response, such as the NTS, LC, and dorsal raphe nucleus (DRN). Overall,

acknowledging the limited capacity that eLORETA has to delineate brainstem nuclei,

the eLORETA findings here are consistent with previous fMRI evidence on the effects

of taVNS (see the Discussion in Chapter 4), suggesting that eLORETA may have an

important role to play in settings where fMRI in unavailable; however, more data are

needed to establish eLORETA in assessing taVNS-related neural changes.
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7.5 HRV as a Biomarker for taVNS

The vagus nerve is a major neural substrate of the parasympathetic nervous system,

but whether HRV metrics of parasympathetic vagal modulation can serve as indica-

tors of taVNS response remains a matter of debate. This is in part because studies

investigating the relationship between taVNS and HRV measures have provided mixed

evidence (see Autonomic Effects of taVNS in the Literature Review chapter); and in

part due to the underappreciated mechanism that taVNS indirectly modulates heart

rate dynamics via brainstem nuclei. That is, taVNS excites NTS neurons with projec-

tions to the dorsal vagal motor nucleus (DVN) and nucleus ambiguus (NA); and in turn,

these vagal efferent neurons promote vagal input to the SA node (Murray et al., 2016).

Despite a taVNS-induced increase in HRV being anatomically plausible, a meta-

analyses of 16 single-blind studies comparing taVNS versus sham in healthy partici-

pants concluded that taVNS does not affect vagally mediated HRV across a wide range

of settings (Wolf et al., 2021); however, the authors also added that taVNS has potential

to elicit positive neuromodulatory effects in limited cases – for example, via right-sided

vagal stimulation or in participants presenting with differential cardiac vagal activity at

baseline. Although the conclusion by Wolf et al. (2021) warrants caution in the interpre-

tation of HRV findings in Chapter 5, it is worth highlighting the results of recent studies

showing that taVNS may improve HRV (Geng et al., 2022; Forte et al., 2022; Shen

et al., 2022; Maestri et al., 2024).

Of the many factors that could affect the role of HRV as a biomarker for taVNS,

stimulation parameters have documented evidence. Machetanz et al. (2021) demon-

strated that taVNS-evoked improvements in HRV are location- and charge-dependent.

While the authors additionally provide specific parameters for the observed changes

in HRV, it is likely that such parameters may be device-specific; suggesting that the

parameters identified in the study may not translate to other taVNS devices – further

making interpretation of HRV findings challenging.

While HRV is an important indicator of ANS response and its validation as a robust

biomarker for taVNS is highly sought, it is a signal that is commonly derived from the
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ECG. Therefore, as an alternative – but complementary – to this ECG-to-HRV method-

ology, Chapter 5 (Molefi, McLoughlin and Palaniappan, 2024) suggests the hypothesis

that ECG-based SPAR may be a candidate biomarker for detecting effects of taVNS on

autonomic function. If this hypothesis is validated in future larger studies, it provides

a new avenue for examining taVNS response – which is crucial if we are to maximise

taVNS potential in facilitating autonomic balance. Interestingly, this hypothesis may

even hold for other biomedical signals, such as arterial blood pressure, baroreflex sen-

sitivity, and PPG, given that SPAR can be performed on any approximately periodic

signal. Collectively, while a pattern of improved HRV is observed with taVNS in a grow-

ing number of adequately designed studies, HRV results herein will require further

study and replication in studies from other labs; and the same goes for the ECG-based

SPAR findings.

7.6 Implications of Sex Differences

The datasets used herein were obtained mainly from female participants, which may

skew the findings towards this demographic. There is both early and recent evidence

from animal models showing that VNS effects are more pronounced in females; most

probably due to estrogen influence on muscarinic acetylcholine in the CNS (Du, Dart

and Riemersma, 1994; Yaghouby et al., 2020). Given the role hormonal levels play in

differential ANS function between males and females, it seems likely that these animal

model findings should translate to human models (Koenig and Thayer, 2016; Koenig

et al., 2017; Farmer et al., 2021). Indeed, De Couck et al. (2017) performed right-sided

cymba conchae stimulation and found a consistent taVNS-induced SDNN increase in

females compared to males. While it is plausible to suggest that this effect may have

been driven by vagal lateralisation, given that the authors observed stronger effects

with right ear versus left ear stimulation, the findings are paralleled by data from a

more recent study suggesting that left cymba conchae stimulation elicits a more con-

sistent ANS response in female participants (Yokota et al., 2022). This warrants future
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studies to validate the findings herein in male participants, including in a more gender-

balanced participant cohort. Nevertheless, these findings are important given that a

within-subjects study design was used; and more importantly, previous studies have

shown that motion sickness susceptibility is higher for females than males (Golding,

2006; Paillard et al., 2013; Mittelstaedt, 2020) – albeit evidence for this is based on

self-reports rather than physiological assessments (Lackner, 2019). Overall, the data

presented here reveal differential effects of taVNS at the level of behaviour, physiology,

and underlying neural dynamics that fit well with previously described findings from

studies with participant cohorts consisting of only female individuals (Kim et al., 2011;

LaCount et al., 2011; Napadow et al., 2013), or only male individuals (Chu et al., 2012,

2013), as well as the wider literature. Furthermore, these beneficial taVNS therapeutic

effects pivot gender imbalance in the study cohorts herein from being a limitation to

a strength, given the notion that females have an increased susceptibility to motion-

induced malaise.

7.7 Influence of Sample Size

We may recall from the studies surveyed in the Literature Review chapter that there

was mixed evidence for taVNS-induced neural and autonomic effects. Of the multiple

factors that may have contributed to this, small sample size is one plausible key fac-

tor; Burger et al. (2020) provide a detailed discussion on this challenge in their narrative

review of potential biomarkers for tVNS. A study with a small sample size would limit

the statistical power of analyses therein; and therefore, impede the replicability of the

findings, including their potential generalisability. Moreover, for machine learning – par-

ticularly deep learning – models can overfit to small datasets, which, in turn, may lead

to inadequate generalisation to unseen examples; hence, the use of transfer learning

in Chapter 6 (Molefi and Palaniappan, 2024). Accordingly, while the findings of the pilot

data presented here (Chapters 4 and 5; Molefi, McLoughlin and Palaniappan, 2023a,b)

require replication in larger samples prior to their acceptance as generalisable, they do

suggest potential therapeutic neural and autonomic changes attributable to taVNS in
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motion-induced nausea; and could serve as a launchpad for further research seeking

to add to the data pool for this line of research – including contributing information which

could help inform the design (e.g., power sample calculation) of future randomised con-

trolled trials. Also, these findings may have a role in future quantitative meta-analyses.

Finally, it is important to remark that the new additional data presented in Chapters 4

to 6 (Molefi, McLoughlin and Palaniappan, 2024, 2025) showcases notable sample

size; thus, mitigates this concern. However, in the absence of previous studies, further

studies are warranted to validate the therapeutic benefits of taVNS for motion sickness

management at the level of neural and autonomic function.



Chapter 8

Conclusions and Future Directions

8.1 Conclusions

In this thesis I aimed to investigate the potential neuromodulatory effects of taVNS on

brain and autonomic responses of neurotypical individuals undergoing nauseogenic

stimulation. To this end, I developed a nauseogenic visual stimulus for nausea induc-

tion in tandem with taVNS (200 µs, 20 Hz) administration during continuous EEG and

ECG data acquisition. Using biomedical signal processing and computational tech-

niques, including machine learning of ECG SPAR transforms, I provided novel evi-

dence to suggest that taVNS – a non-invasive form of brain stimulation – may play an

important role in motion sickness management.

For millennia, humans have suffered from motion sickness thought to stem from

ambiguous sensory information – which not only continues to affect us today, but may

even be increasing in importance thanks to technology advances such as portable

or immersive displays and autonomous driving. While early discoveries have led to

the development of effective antiemetic compounds for this polysymptomatic condition,

these mainstay medications carry undesirable side effects, and some, provide inade-

quate efficacy. On the other hand, progress on developing non-pharmacological tools

to alleviate motion-induced malaise has been glacial. With the most effective treat-

ment for motion-induced nausea still being habituation (Keshavarz and Golding, 2022);

an interventional tool that requires long-term compliance, the need for new, innovative
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therapeutic tools to mitigate this elusive syndrome remains.

Because of recent findings suggesting that non-invasive vagus nerve stimulation

may induce a parasympathetic response, including accumulating evidence for thera-

peutic benefits of this neurostimulation modality on migraine, I piloted and trialled my

taVNS protocol – described in the Materials and Methods chapter – for motion sick-

ness; given our understanding that this malady presents with parasympathetic with-

drawal, and that it has links with migraine. My analyses on Effects of taVNS on the

Human Brain in Visually Induced Motion Sickness revealed that participants receiving

taVNS had differential functional brain activation in comparison with sham stimulation;

and that through these taVNS-mediated neural effects, participants achieved better

symptom relief.

My ensuing analyses on Autonomic Effects of taVNS on Visually Evoked Motion

Sickness in Humans utilising HRV dynamics showed that my taVNS protocol evoked a

parasympathetic response, suggesting that participants were experiencing less agita-

tion with taVNS versus sham – indicative of differential autonomic therapeutic effects.

Moreover, I quantified and visualised, for the first time, the effects of taVNS on ECG

morphology and variability using SPAR – a mathematical tool inspired by nonlinear

dynamical systems – and demonstrated that this tool may have utility parsing effects

of taVNS; with implications for taVNS biomarker identification – especially considering

the ongoing debate of whether HRV is indicative of taVNS response (Wolf et al., 2021).

Thus, my findings here additionally mark an important step in the search for a robust

biomarker for taVNS.

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

taVNS, I coalesced ECG-derived attractors and deep learning demonstrating that ma-

chine learning models can detect differential response to motion-induced nausea from

image data of ECG morphology and variability. Furthermore, I showed the utility of

SPAR-generated features in taVNS response detection; therefore, implicating machine

learning models for a role in effective and optimal taVNS administration, including adap-

tive taVNS, which would be paramount for a closed-loop taVNS protocol. The concept

being that, I envision a real-time application of taVNS for motion sickness management.
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8.2 Future Directions

The novel findings herein may lead to new pathways in understanding taVNS-induced

neural and autonomic effects for motion sickness management, including other nausea-

related conditions; and it is exciting for this work to have developed a more potent

taVNS protocol for optimal and effective non-invasive vagus nerve stimulation. To this

end, future work should consider replicating these results and, more importantly, con-

ducting a parametric study concurrent with nauseogenic stimulation to find optimal

taVNS dosage. This would entail examining effects of stimulation on both the cervi-

cal and auricular branch of the vagus nerve with different pulse width, frequency, and

duty cycle. Additionally, investigating the effects of laterality – that is, left versus right

ear – including tragus versus cymba conchae (or both) may advance understanding

on how best to ameliorate motion-induced malaise, and related nauseogenic ailments.

This is a huge parameter space – possibly combinatorial – and thus may require tools

such as Bayesian optimisation.

I also note that I employed continuous stimulation of the vagus nerve; it would be

interesting to explore intermittent delivery of taVNS as well. Ideally, an adaptive taVNS

protocol would be desirable to eschew vagus nerve overstimulation; put differently, de-

spite taVNS being safe, there is limited data on the effects of chronic vagus nerve

stimulation in humans. A direction along this path of adaptive taVNS may lead to de-

velopment of a closed-loop neurostimulation protocol. Future studies could also lever-

age machine learning and artificial intelligence to maximise the value of neuroimaging

and physiological data collected. That is, herein, machine learning was only applied to

physiological data (Chapter 6); however, constructing features from both neural and au-

tonomic data may help improve detection of motion-induced nausea, taVNS response

and, importantly, may enable optimal machine learning design for closed-loop systems

to personalise delivery of non-invasive vagal nerve stimulation (i.e., taVNS and tcVNS).

Crucially, effective, robust alleviation of motion sickness via taVNS in real-time poten-

tially requires an integration of an optimal stimulation protocol with individually tailored

stimulation parameters for a more precise reduction of symptom severity.
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Future studies may also explore the use of different resolutions for the eLORETA

analyses to determine if findings herein still hold; for example, investigating with 4

s epochs in lieu of 8 s as described in Chapter 4. Furthermore, previous work has

described the use of singular value decomposition (SVD) and eLORETA to identify

EEG networks and responses to transcranial photobiomodulation (tPBM) (Wang et al.,

2022); therefore, it would be interesting to explore the confluence of these techniques

for examination of the EEG data herein (Chapter 4) to deepen our understanding of the

brain effects of taVNS.

While the work herein focused on application of taVNS to ameliorate motion-induced

nausea, it is important to remark that these findings may also have important implica-

tions for addressing other sources of nausea – such as, chemotherapy-induced nau-

sea, postoperative nausea, and migraine – plus for navigating conditions such as stress

and anxiety. It is also important to highlight that the data here may help inform future

design of neuromodulation systems for motion sickness management, and thus has

implications for commercialisation; it is notable that neuromodulation tools that aim

to treat for example, cluster headache, already exist (Nesbitt et al., 2015). Collec-

tively, if replicated, the results herein support that taVNS has promise as an effective

neurostimulation tool for motion sickness management; thus, future research should

further investigate this hypothesis.
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Dear Emmanuel 
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APPENDIX A. ETHICS APPROVALS 201



Appendix B

Nauseogenic Visual Stimulus

Code B.1: Nauseogenic visual stimulus.

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% The taVNS Experiment Program
% Experimental paradigm for study 1 and 2 randomized cross−over

trials.
%
% 2021−2024 Emmanuel Molefi (em576@kent.ac.uk)
% School of Computing, University of Kent.
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
close all; clear all; clc;
sca;
commandwindow;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
participantName = "Alice";
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
triggerflag = 1;
lifecycleflag = 1;

logFilenameP1 = getLogFilename();
diary(logFilenameP1)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
try

PsychDefaultSetup(2);

Screen(’Preference’, ’SyncTestSettings’, 0.001, 50, 0.1, 5);
Screen(’Preference’, ’VisualDebugLevel’, 3);
Screen(’Preference’, ’SuppressAllWarnings’, 1);

KbName(’UnifyKeyNames’);

202
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AssertOpenGL;

screens = Screen(’Screens’);
screenId = max(screens);

black = BlackIndex(screenId);
white = WhiteIndex(screenId);
gray = round((white+black)/2);

if gray == white, gray = white / 2; end

inc = (white − gray);

[window, windowRect] = PsychImaging(’OpenWindow’, screenId, gray)
;
[screenXpixels, screenYpixels] = Screen(’WindowSize’, window);

HideCursor;

arguments.window = window;
arguments.windowRect = windowRect;
arguments.black = black;
arguments.trigger = triggerflag;
arguments.lifecycle = lifecycleflag;
arguments.device = configureTriggerDevice(arguments);
arguments.participantName = participantName;

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
RunExperimentWelcome(arguments);
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
fprintf(’%%%%%%%%%%%% VNS Begin %%%%%%%%%%%%\n’)
fprintf(’Participant ID: %s \n’, participantName)
arguments.state = "Baseline";
fprintf(’START Baseline: %s \n’, getNowTimeString())
RunFixationCross(arguments);
fprintf(’END Baseline: %s \n’, getNowTimeString())
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
fprintf(’START Motion Sickness Section: %s \n’, getNowTimeString

())
movieDurationSecs = 60∗20;
if ˜arguments.lifecycle, movieDurationSecs = 20; end

gratingsize = 1920;
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f = 0.005;

cyclespersecond = 62.5;

angle = 180; % grating angle (degrees)

texsize = gratingsize / 2;

p = ceil( 1/f ); % pixels per cycle
fr = f ∗ 2 ∗ pi; % radians
grating thickness = 50;

visiblesize = 2 ∗ texsize + 1;

x = meshgrid(−texsize:texsize + p, 1);

% compute grating
grating = gray + inc∗square(fr ∗ x, grating thickness);

% Store 1−D single row grating in texture:
gratingtex = Screen(’MakeTexture’, window, grating);

% Query maximum useable priorityLevel on this system:
priorityLevel = MaxPriority(window);

% get more accurate timing if machine fast enough :)
Priority(priorityLevel);

% Definition of the drawn rectangle on the screen
dstRect = [0 0 visiblesize visiblesize];
dstRect = CenterRect(dstRect, windowRect);

% Query duration of one monitor refresh interval:
ifi = Screen(’GetFlipInterval’, window);

waitframes = 1; % 1 means: Redraw every monitor refresh

% frames into seconds
waitduration = waitframes ∗ ifi;

% Recompute p (pixels/cycle)
p = 1/f;

shiftperframe = cyclespersecond ∗ p ∗ waitduration;

% configuration for keyboard input
KbQueueCreate;
KbQueueStart;
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exitflag = false;

timeOutCounter = 0;
timeOutArray = {};
timeout = 0;
tStart = nan;
firstTouch = 0;
waitTime = 4;

% an initial VBL−Timestamp as timing baseline for our redraw loop
:
vbl = Screen(’Flip’, window);

vblendtime = vbl + movieDurationSecs;
frameCounter = 0;

tic;
while vbl < vblendtime

if frameCounter == 0
% send trigger
arguments.state = "Nausea";
arguments = sendTrigger(arguments);
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% new nausea rating triggers
rtBool = false;
rtCount = 0;
rtStart = NaN;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

end

% Shift the grating by "shiftperframe" pixels per frame
xoffset = mod(frameCounter ∗ shiftperframe, p);
frameCounter = frameCounter + 1;

% Define shifted srcRect that cuts out the properly shifted
rectangular area from the texture

srcRect = [xoffset 0 xoffset + visiblesize visiblesize];

% Draw grating texture, rotated by "angle":
Screen(’DrawTexture’, window, gratingtex, srcRect, dstRect,

angle);

% Flip ’waitframes’ monitor refresh intervals after last
redraw

vbl = Screen(’Flip’, window, vbl + (waitframes − 0.5) ∗ ifi);

[pressed, firstPress, firstRelease, lastPress, lastRelease] =
KbQueueCheck;
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if pressed
pressedKeys = find(firstPress);
for k = 1:size(pressedKeys, 2)

key = KbName(pressedKeys(k));

if ˜any(strcmp(key, ’NumLock’)) % guard against
NumLock

if strcmp(key, ’ESCAPE’)
ShowCursor;
sca;
return;

elseif strcmpi(key, ’N’) % severe sickness so
continue to recovery

% or we are in debug and we just want to
continue to

% next task
exitflag = true;

elseif any(strcmp(key, ’Return’)) | | any(strcmp(
key, ’−’)) % This is for Nausea rating

% long−press version 2
tStart = tic;

timeOutCounter = timeOutCounter + 1;
timeOutArray(timeOutCounter, :) = {

timeOutCounter, key, firstPress( find(firstPress) )};

% sickness rating; so send triggers
arguments.state = "Rating";
arguments = sendTrigger(arguments);
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% new rating triggers
rtBool = true;
if isnan(rtStart), rtStart = tic; end
rtCount = rtCount + 1;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

end

end % NumLock
end

if exitflag, break; end
end % end of pressed
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% new nausea rating triggers
if ˜isnan(rtStart) && toc(rtStart) >= 3 % seconds

% now send nausea rating trigger
nauseaRatingTrigger = num2str(rtCount);
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arguments.state = "RatingNew";
arguments.nauseaRatingTrigger = nauseaRatingTrigger;
arguments = sendTrigger(arguments);
%
rtBool = false;
rtCount = 0;
rtStart = NaN;

end
if ˜isnan(rtStart) && abs(vbl−vblendtime) < 3 % seconds

% now send any pending nausea rating trigger
nauseaRatingTrigger = num2str(rtCount);
arguments.state = "RatingNew";
arguments.nauseaRatingTrigger = nauseaRatingTrigger;
arguments = sendTrigger(arguments);
%
rtBool = false;
rtCount = 0;
rtStart = NaN;

end
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
[keyIsDown, secs, keyCode] = KbCheck;

if ˜any(keyCode(KbName(’NumLock’))) % guard against NumLock
if keyIsDown && (any(keyCode(KbName(’Return’))) | | any(

keyCode(KbName(’−’)))) && ˜isnan(tStart)
tEnd = toc(tStart);
if tEnd >= 4 % e.g. 4 seconds

exitflag = true; % participant opted to abort MS
section

fprintf(2, ’The participant has opted out at %s
!!!\n’, datetime(’now’))

% Send an "X" as a rating trigger code
arguments.state = "RatingNew";
arguments.nauseaRatingTrigger = ’X’;
arguments = sendTrigger(arguments);

end
else

tStart = tic;
end

end % NumLock
if exitflag, break; end
%%%%%
if length(timeOutArray) > 4 && ˜timeout

tmpArr = flip(timeOutArray);
tme = tmpArr{1,3} − tmpArr{4,3};
if tme > 0 && tme < 1 % within 4 seconds

% user opted out
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fprintf(2, ’The participant has opted out at %s !!!\n
’, datetime(’now’))

timeout = 1;
end

end
end
toc;
KbQueueRelease;
fprintf(’END Motion Sickness Section: %s \n’, getNowTimeString())
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
arguments.state = "Recovery";
fprintf(’START Recovery: %s \n’, getNowTimeString())
RunFixationCross(arguments);
fprintf(’END Recovery: %s \n’, getNowTimeString())
fprintf(’%%%%%%%%%%%% VNS End %%%%%%%%%%%%\n’)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
RunExperimentThankYou(arguments);
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

Priority(0);
sca;

catch
ShowCursor;
sca;
psychrethrow(psychlasterror);

end

diary off
if exist(logFilenameP1, "file")

movefile(logFilenameP1, ...
replace(logFilenameP1, ’log.txt’, getLogFilename()) );

fprintf(’File rename successful! \n’)
else

fprintf(2, ’Expected file %s but was not found!!! \n’,
logFilenameP1)

end

%% HELPER FUNCTIONS
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function RunFixationCross(arguments)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
window = arguments.window;
windowRect = arguments.windowRect;
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black = arguments.black;
lifecycle = arguments.lifecycle;

fixationDurationSecs = 60∗10;
if ˜lifecycle, fixationDurationSecs = 4; end
ifi = Screen(’GetFlipInterval’, window);
Screen(’BlendFunction’, window, ’GL SRC ALPHA’, ’

GL ONE MINUS SRC ALPHA’);
Screen(’TextFont’, window, ’Ariel’);
Screen(’TextSize’, window, 48);
[xCenter, yCenter] = RectCenter(windowRect);
fixCrossDimPix = 50;
xCoords = [−fixCrossDimPix fixCrossDimPix 0 0];
yCoords = [0 0 −fixCrossDimPix fixCrossDimPix];
allCoords = [xCoords; yCoords];
lineWidthPix = 12;

KbQueueCreate;
KbQueueStart;
exitflag = false;
tic;
startTime = GetSecs;
elapsedTime = 0;
while elapsedTime < fixationDurationSecs

if elapsedTime == 0
Screen(’DrawLines’, window, allCoords, lineWidthPix, black, [

xCenter yCenter], 2); % good quality antialiasing
Screen(’Flip’, window);

arguments = sendTrigger(arguments);
end
elapsedTime = GetSecs − startTime;
[pressed, firstPress] = KbQueueCheck;
if pressed

pressedKeys = find(firstPress);
for k = 1:size(pressedKeys, 2)

key = KbName(pressedKeys(k));
if ˜any(strcmp(key, ’NumLock’)) % guard against NumLock

if strcmp(key, ’ESCAPE’)
ShowCursor;
sca;
return;

elseif strcmpi(key, ’N’) % avoid using ’Return’
exitflag = true;

elseif all(strcmp(key, ’Return’)) | | all(strcmp(key,
’−’)) % This is for Nausea rating

% sickness rating; so send triggers
arguments.state = "Rating";
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arguments = sendTrigger(arguments);
end

end % NumLock
end
if exitflag, break; end

end
end
toc;
KbQueueRelease;

if strcmp(arguments.state, ’Rating’)
arguments.state = "Recovery";

end
if strcmp(arguments.state, ’Recovery’)

arguments.state = "End";
arguments = sendTrigger(arguments);

end
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function RunExperimentWelcome(arguments)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
window = arguments.window;
windowRect = arguments.windowRect;
participantName = arguments.participantName;

xpixels = windowRect(3);
ypixels = windowRect(4);

Screen(’FillRect’, window);
Screen(’TextFont’, window, ’Century Gothic’);
Screen(’TextStyle’, window, 1);
timeTxt = char(getNowTimeString2);

Screen(’TextSize’, window, 30);
Screen(’TextStyle’, window, 1+2);
DrawFormattedText(window, timeTxt, xpixels∗.81);

Screen(’TextSize’, window, 50);
Screen(’TextStyle’, window, 1);
txt msg1 = [’Hello ’ char(participantName) ’, and welcome to the

taVNS experiment!’];
if (participantName == "")

txt msg1 = ’Hello, and welcome to the taVNS experiment!’;
end
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instructions = "During and after the stimulus, \nplease use the
following scale for nausea rating: ..." + ...
"\n\n0 = no nausea \n1 = mild \n2 = moderate \n3 = strong \npress
and hold = severe nausea";

instructions = ’During and after the stimulus, \nplease press the
Minus ( − ) key \nthe following number of times for nausea rating
: ...’;

DrawFormattedText(window, txt msg1, ’center’, ypixels∗.20, [0 0 255])
;

xint = .25;
DrawFormattedText(window, instructions, xpixels∗xint, ypixels∗.39, [0

0 255]);

nauseaRatingScale = ’\nMild = 1 \nModerate = 2 \nStrong
= 3 \nSevere = press and hold’;

DrawFormattedText(window, nauseaRatingScale, xpixels∗xint, ypixels
∗.54, [0 0 255]);

fprintf(’Requested font: %s, got: %s\n’, ’Century Gothic’, Screen(’
TextFont’, window));

Screen(’TextFont’, window, ’Times’);
Screen(’TextSize’, window, 30);
txt msg continue = ’Hit return key to begin experiment.’;
DrawFormattedText(window, txt msg continue, ’center’, ypixels∗.95,

[255, 0, 0, 255]);

Screen(’Flip’, window);

KbQueueCreate;
KbQueueStart;
exitflag = false;
while ˜exitflag

[pressed, firstPress] = KbQueueCheck;
if pressed

pressedKeys = find(firstPress);
for k = 1:size(pressedKeys, 2)

key = KbName(pressedKeys(k));
if strcmp(key, ’ESCAPE’)

ShowCursor;
sca;
return;

elseif strcmpi(key, ’S’)
exitflag = true;
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elseif all(strcmp(key, ’Return’)) | | all(strcmp(key, ’−’)
) % This is for Nausea rating

arguments.state = "TestBeforeExperiment";
arguments = sendTrigger(arguments);

end
end

end
end
KbQueueRelease;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function RunExperimentThankYou(arguments)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
window = arguments.window;

Screen(’FillRect’, window);
Screen(’TextFont’, window, ’Century Gothic’);
Screen(’TextSize’, window, 50);
Screen(’TextStyle’, window, 1+2);
txt msg1 = ’Thank you so much for participating on the taVNS

experiment!’;
Screen(’DrawText’, window, txt msg1, 100, 100, [0, 0, 255, 255]);

txt msg2 = ’And thank you so much for your interest in science!’;
Screen(’DrawText’, window, txt msg2, 100, 170, [0, 0, 255, 255]);

Screen(’Flip’, window);
KbStrokeWait;
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function device = configureTriggerDevice(arguments)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
device = ’’;
if arguments.trigger && arguments.lifecycle

device = serialport("COM4", 115200);
end
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]
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%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function em fprintf(triggerCode)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
fprintf(2, ’###### trigger code : %s [%s]\n’, triggerCode,

getNowTimeString())
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function arguments = sendTrigger(arguments)
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
trigger = arguments.trigger;
state = arguments.state;
device = arguments.device;

if strcmp(class(device),’internal.Serialport’) && sum(strcmp(
serialportlist(’available’),’COM4’)) == 1
disp(’Reconnecting to serialport!!’)
clear device;
device = serialport("COM4", 115200);
arguments.device = device;
disp(’Reconnecting to serialport successful.’)

end

if trigger && arguments.lifecycle % 29.11.22
triggerCode = extract(state, 1);
if strcmpi(state, ’Baseline’)

write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’Nausea’)
write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’Rating’)
triggerCode = ’S’; % ’S’ for subjective
write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’RatingNew’)
triggerCode = arguments.nauseaRatingTrigger;
write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’Recovery’)
write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’End’)
write(device, triggerCode, "string")
em fprintf(triggerCode)

elseif strcmpi(state, ’TestBeforeExperiment’)
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write(device, triggerCode, "string")
em fprintf(triggerCode)

end
end
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function timeStringFormat = getNowTimeString()
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
timeStringFormat = string( datetime("now") );
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function timeStringFormat = getNowTimeString2
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
timeStringFormat = string( datetime("now", "Format","eeee, MMMM d, y

") );
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
function logFilename = getLogFilename()
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
logFilename = replace(getNowTimeString(), " ", " ").replace(":",

"−").append(" log.txt");
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
end % [EOF]

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
% http://psychtoolbox.org/download.html
% Installation
% [1] PsychtoolboxVersion
%
% http://psychtoolbox.org/docs/GStreamer
%
% Stable version (tested by EM):
% ’3.0.19 − Flavor: beta − Corresponds to SVN Revision 13508
% For more info visit:
% https://github.com/Psychtoolbox−3/Psychtoolbox−3’
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
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