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ARTICLE INFO ABSTRACT

Keywords:
Motion sickness
Transcutaneous auricular vagus nerve

Motion sickness is an enigma that has plagued humans for millennia — and could be exacerbated by automated
vehicles and virtual reality. Here, we examined the neuromodulatory effects of transcutaneous auricular vagus
nerve stimulation (taVNS) — a non-invasive brain stimulation tool — on autonomic function in response to

Stimmati?n X motion sickness-induced nausea. We conducted a crossover randomized controlled study of healthy participants
Autonomic neuromodulation o . . . . . . . .

. (n = 29) administered with active taVNS and sham, concurrent with visually-induced motion sickness during
Electrocardiography

electrocardiogram (ECG) acquisition. Using symmetric projection attractor reconstruction (SPAR), a recent
mathematical tool that computes images (“attractors”) of morphology and variability of any approximately
periodic signals, we show that taVNS induces a significant reduction in measures derived from these attractor
image data, compared to sham. Notably, we found that a taVNS-evoked decrease in peak theta density showed
a marked correlation with improvements in motion-induced nausea symptom severity. Furthermore, the use of
machine learning revealed differential discriminatory power of taVNS response with an area under the receiver
operating characteristic curve (AUC) of 0.81. Taken together, these findings provide novel insights into taVNS
for motion-induced nausea; and additionally suggest that ECG SPAR-based features may be important for
evaluating taVNS therapy response — with implications for adaptive taVNS.

Symmetric projection attractor reconstruction
Electrocardiogram morphology
Machine learning

1. Introduction

In most people — except those with bilateral loss of labyrinthine
function — sensory conflict triggers motion sickness, a complex phys-
iological response to real, perceived, or virtual motion. Despite its
ubiquity, motion sickness remains a persistent, debilitating, and elusive
malady. Moreover, some individuals are notoriously prone to this syn-
drome; for instance, individuals who experience migraine
headaches (Marcus et al., 2005), and those with history of traumatic
brain injury (Classen and Owens, 2010).

Although motion sickness is primarily characterized by nausea and
vomiting, its polysymptomatic onset includes a conglomeration of fea-
tures such as cold sweating, dizziness, and drowsiness, among others
— which detrimentally influence task performance and cognitive func-
tion (Gresty et al., 2008; Gresty and Golding, 2009; Matsangas et al.,
2014). Thus, given these negative effects, the minimal advancements in
novel therapeutic methods toward motion sickness management, and
the undesirable side effects that accompany mainstay pharmaceutical
agents (Lackner, 2014); new, innovative therapeutic tools are needed
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to mitigate motion sickness. One such avenue may be transcutaneous
auricular vagus nerve stimulation (taVNS).

We have long known that cervical vagus nerve stimulation (VNS)
has therapeutic benefits; particularly, for ailments such as refractory
epilepsy and depression (Ben-Menachem et al., 1994; Handforth et al.,
1998). We now know that this neurostimulation tool has broad clin-
ical potential. However, VNS carries risks due to its invasive nature,
including potential post-operative complications (Ben-Menachem et al.,
2015; Hilz, 2022). Modern research has revealed that non-invasive VNS
derivatives such as taVNS hold promise as modalities of VNS (Badran
et al,, 2018a). Additionally, evidence is mounting that tragus stim-
ulation, in particular, elicits differential autonomic effects (Badran
et al.,, 2017, 2018b); in part because the vagus nerve (10th cranial
nerve) is considered a major neural substrate of the parasympathetic
nervous system — a component of the autonomic nervous system (ANS),
alongside the sympathetic nervous system, and the less well-known
enteric nervous system — thus portraying a pivotal role in ANS function
regulation (Murray et al., 2016; Butt et al., 2020).
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taVNS mechanism of action is thought to be mediated by the projec-
tion of afferent signaling toward the nucleus tractus solitarii (NTS) of
the medulla and, in turn, activating the locus-coeruleus-norepinephrine
system. Afferent signals are also projected beyond the NTS to other
important brain structures, including locus coeruleus and the dorsal
raphe nuclei (Ellrich, 2019; Butt et al., 2020; Hilz, 2022). Whereas VNS
and transcutaneous cervical VNS (tcVNS) target the cervical branch of
the vagus nerve (which courses from the brainstem to the colon), taVNS
engages the auricular branch. Herein, we consider taVNS because of ad-
vantages which include (among others) easy and accurate application
compared to tcVNS (Kim et al., 2022).

Previous research on ANS activity in taVNS and motion sickness
has commonly performed analysis of electrocardiogram (ECG)-derived
heart rate variability (HRV) (Carandina et al.,, 2021; Irmak et al.,
2021; Molefi et al., 2023a). Here, to glean insights from the ECG data
directly, we leverage the recently developed symmetric projection at-
tractor reconstruction (SPAR) method. SPAR is a mathematical tool that
facilitates visualization and quantification of morphology (shape) and
variability of any approximately periodic waveform by computing two-
dimensional (2D) images (“attractors”) (Aston et al., 2018; Nandi and
Aston, 2020; Lyle and Aston, 2021). Previously, SPAR has been applied
to various biomedical signals, including the ECG (Lyle et al., 2019), mi-
crovascular blood flux (Thanaj et al., 2019), and photoplethysmogram
(PPG) (Horandtner et al., 2022).

In this study, our main aim is to examine ECG morphology and
variability response to taVNS versus sham in tandem with nauseogenic
visual stimulation via SPAR-based measures. We also evaluate whether
potential differential effects of taVNS on these measures may be linked
to the subjective effects of taVNS in motion-induced nausea. Fur-
thermore, we perform machine learning analysis to determine taVNS
response from information captured by these SPAR metrics.

2. Methods
2.1. Participants

In this study, we analyzed physiological and behavioral data from
29 healthy participants (mean + SD = 23.7 + 6.8 years, age range
= 18-49 years, 21 females) who provided written informed consent,
had normal or corrected-to-normal vision, and were not on any med-
ication. The previously validated motion sickness susceptibility ques-
tionnaire short-form (MSSQ-Short) (Golding, 2006) was used as a pre-
participation screening tool; whereby participants with a percentile
score > 60 (corresponding to an MSSQ-Short raw score of 14.36) were
recruited, based on prior research (e.g., Sclocco et al., 2016; Toschi
et al.,, 2017). The MSSQ-Short asks participants to recall experiences
of nausea or vomiting at childhood (below 12 years of age; MSA), and
over the last decade (MSB) following various transport or entertainment
modalities. Participants received a £30 Amazon gift voucher for their
participation. All procedures were approved by the University of Kent
Central Research Ethics Advisory Group (ref: CREAG015-12-2021), and
conformed to the Declaration of Helsinki standards for human research.

2.2. Experimental protocol

We used a randomized, sham-controlled, crossover experimental
design (Fig. 1c, d). Participants underwent two sessions of electrical
stimulation via two lab visits that were scheduled at least 1 week
apart for washout of any stimulation effects; the sessions were car-
ried out in randomized order. For each lab visit, participants were
exposed to a contiguous visual stimulus, wherein at baseline, observed
a black crosshair for 10 min, followed by a nauseogenic visual stimulus
(see Section 2.3) concurrent with electrical stimulation (see Section 2.4)
for a maximum of 20 min, and finally, a recovery period presented
similar to baseline (Fig. 1d). During nauseogenic visual stimulation,
participants recorded their subjective level of nausea — not cued - via
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a keypad press (0 = “no nausea”; 1 = “mild”; 2 = “moderate”; and 3 =
“strong”). Participants were instructed to provide a rating when they
felt a change in the intensity of nausea they were experiencing. The key-
pad also allowed participants to stop presentation of the nauseogenic
visual stimulus when on the verge of vomiting — triggering automatic
launch of the recovery period. Electrical stimulation was delivered at
the left tragus during active taVNS lab visits (Fig. 1a), and at the left
earlobe during sham lab visits (Fig. 1b). For safety reasons and smooth
running of the experiment, the experimenter was present in the lab
but kept out of view. ECG acquisition was performed continuously
between baseline onset and recovery offset, during which participants
were required to minimize body movements and conversation, and to
focus on stimuli presentation. To measure the severity of motion sick-
ness, participants completed a pre- and post-treatment motion sickness
assessment questionnaire (MSAQ) (Gianaros et al., 2001) and simulator
sickness questionnaire (SSQ) (Kennedy et al., 1993). The MSAQ instru-
ment contains 16 symptoms with a Likert-type scale (1-9 = “not at all”
to “severely”) that quantify the gastrointestinal, central, peripheral and
sopite-related dimensions of motion sickness. Calculation of the MSAQ
total and subscale scores was guided by Gianaros et al. (2001). Included
in the SSQ are 16 symptoms with a Likert-type scale (0-3 = “none” to
“severe”) that are clustered into nausea, oculomotor and disorientation
factors of motion sickness. SSQ total and subscale factors were scored
following guidance in Kennedy et al. (1993). It is worth noting that
there are important differences between the MSAQ and SSQ with the
latter being explicitly derived from the former to address shortcomings
that arise when assessing sickness in simulation scenarios as opposed to
real-life situations (e.g., during a car ride or on a ship). Herein, while
we include both, the SSQ is expected to provide a more relevant result.

2.3. Nauseogenic stimulus

For nausea induction, we developed a nauseogenic visual stimulus
as alternating black and white vertical stripes with left-to-right circular
motion at 62.5°/s in MATLAB (The MathWorks, Inc., Natick, MA,
USA) using the Psychophysics Toolbox Version 3 (Psychtoolbox-3.0.19;
http://www.psychtoolbox.org) (Brainard, 1997; Pelli, 1997; Kleiner
et al., 2007). Visual stimulation was presented with a 47-inch LG
LCD widescreen (47LW450U, LG Electronics UK, UK) at a refresh rate
of 60 Hz, for a maximum of 20 min or until interruption. For an
unimpeded field-of-view, participants viewed the stimulus at a distance
filling their visual field. Viewing of the horizontal translation of the
visual stripes is known to instigate illusory self-motion. Further, the
nauseogenic visual stimulation administered here provokes motion-
induced nausea via visual input akin to that of a rotating optokinetic
drum (Bos and Bles, 2004; Levine et al., 2014). Of note, this visual
stimulus is similar to that described previously (Molefi et al., 2023b).
An fMRI-compatible variant of the stimulus has been used for nausea
induction in prior work (e.g., Toschi et al., 2017).

2.4. Electrical stimulation

We administered taVNS via the EM6300 A TENS device (Med-Fit UK
Ltd, Stockport, UK); applying current-controlled asymmetric biphasic
square-wave electric pulses of 200 ps at 20 Hz continuously for at
most 20 min. Previous studies of comparable protocols were reviewed
to select these stimulation parameters (e.g., Beh and Friedman, 2019;
Tran et al., 2019; Cao et al., 2021). The electrical current was delivered
at the tragus of the left ear for taVNS (mean + SD = 6.03 + 2.40 mA)
(Fig. 1a), and to the left earlobe for sham (5.55 + 3.41 mA) (Fig. 1b).
This electric current was comparable in both conditions (p = 0.4440,
Wilcoxon signed rank test). Importantly, this suggests that our stimu-
lation protocol, wherein we delivered taVNS at the tragus and sham at
the earlobe — a site not innervated by the auricular branch of the vagus
nerve (Peuker and Filler, 2002; Bermejo et al., 2017; Yakunina et al.,
2017) - provided a good control condition for taVNS administration.
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Fig. 1. 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 stimulation.
(¢) The schematic of the randomized, sham-controlled, crossover design timeline. (d) For a typical lab visit, participants completed a pre and post motion sickness assessment
questionnaire (MSAQ) and simulator sickness questionnaire (SSQ); additionally, participants underwent a baseline period, followed by nauseogenic visual stimulation concurrent
with electrical stimulation (taVNS or sham), then a recovery period, while electrocardiogram (ECG) acquisition was performed.

All participants were taVNS-ndive. Prior to the experiments, intensity
of stimulation current was tested and tailored for each participant
via a one-up/one-down staircase procedure. All participants reported
perception of the stimulation current without painful sensation. taVNS
effects were well-tolerated by all participants, and no one reported
adverse events. During stimulation, a countdown timer on the electrical
stimulator was set to elapse simultaneous with presentation of the
nauseogenic visual stimulus; and because participants could interrupt
the visual stimulus due to developing severe nausea, switching off the
electrical stimulator was performed by the experimenter accordingly.

2.5. ECG data acquisition and preprocessing

ECG data were continuously recorded using the BioSemi ActiveTwo
system (BioSemi B. V., Amsterdam, Netherlands), with a sampling
frequency of 256 Hz (Fig. 1d). To perform ECG signal preprocessing,
we used custom scripts developed in MATLAB (R2023b and R2024a).
Following visual inspection to identify disturbances and distortions, the
ECG signals were filtered between 0.5 and 30 Hz (Dennison et al., 2016)
to eliminate baseline wander and muscle noise using a 4th-order But-
terworth bandpass IIR filter. To remove electrical stimulation-evoked
artifact, a Butterworth notch IIR filter was applied at 20 Hz. We
performed zero-phase filtering to avoid phase distortion. Finally, the
artifact-free ECG time series were then used to extract 5 min epochs at
“baseline”, “stimulation”, and “recovery”. The ‘“baseline” epoch was
obtained from the end of the Baseline period shown in Fig. 1d; that
is, prior to nauseogenic stimulus onset. Likewise, the “stimulation”
epoch was obtained from the end of the Nauseogenic visual stimulus
period shown in Fig. 1d. That of “recovery” was obtained from the
beginning of the Recovery period depicted in Fig. 1d. These epochs
were composed of several segments (each of 10 s) combining to a total
of 5 mins. Importantly, the timeframe for extracting these 5 min epochs
was consistent across all participants.

2.6. SPAR analysis

To quantify ECG morphology and variability, we applied SPAR — a
novel mathematical tool inspired by nonlinear dynamical systems, that
transforms any approximately periodic signal into a two-dimensional
representation (‘“attractor”) (Aston et al., 2018; Nandi et al., 2018;
Nandi and Aston, 2020; Lyle and Aston, 2021). Prior to performing
SPAR, we obtained the de-noised ECG data from above (see Sec-
tion 2.5), partitioned it into 10 s epochs, and range normalized it to
the interval [0,1]. As a brief overview of the SPAR method — based
on its original implementation (Aston et al., 2018) — for an ECG time
series x(r) (Fig. 2a), the time delay is determined by computing z =
T /3, where T is the average cardiac cycle length, that is, the mean
of the RR intervals; R-peak detection was performed using the Pan-
Tompkins algorithm (Pan and Tompkins, 1985). Next, N = 3 points are
placed at equal distances of = by performing Takens’ delay coordinate
embedding (Takens, 1981) via

y(O) = x(t - 1), z(1) = x(t = 27). @

The embedded points can then be plotted in three-dimensional
(3D) phase space where their trajectories can be observed (Fig. 2b); if
followed, the N = 3 points we started with demonstrate evolvement in
phase space — generating numerous overlapping loops in the process.
For the next step, to remove baseline 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]
using

1
w=—(x-=-y). 2
V2
Despite Fig. 2c showing the degree of overlap between trajectories of
the embedded points, this information is masked, and only becomes
revealed when a density (i.e., heatmap) is overlaid; this addition of

U=L(x+y—2z),
NG
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Fig. 2. 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. (¢) A 3D reconstructed attractor projected onto a plane (v, w) perpendicular to the vector [1,1,1].

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

color provides information about most frequented regions (Fig. 2d;
Supplementary Video S1).

Owing to the complexity of the ECG waveform, herein we use the
extended SPAR method (Lyle and Aston, 2021), wherein an ECG time
series x(f) with period T is embedded into N > 3 dimensions using
the time delay = = T/N by the coordinates xy (O = x(t = j7), j =
0,....,N — 1; Lyle and Aston (2021) then define ay ,(r) and by ,(?)
coordinates as

b4

ay (1) = cos2mjk/N)xy (),

1
Vv |

N-1
1 .
by () = ——= E sinQzjk/N)xy (1)
v VN 3 e

]
=]

3

for k = 1,..., (N — 1)/2]. In this study, we use k = 1 for all embed-
ding projections. Fig. 3 shows example attractors obtained via this
implementation. Following attractor generation, in addition to maximal
density, we extracted the peak values of the radial density distribution,
theta density distribution, and attractor outline in the 0 direction, as
attractor measures, according to previously described methods (Lyle
et al., 2021). A detailed description of how these attractor measures
were quantified, including their physiological interpretation is provided
in Table 1; furthermore, Fig. 4 provides an illustration of how the
measures were computed from the attractors.

Importantly, the rationale for computing these features (Table 1)
with regards to motion-induced nausea stems from previous evidence
showing that increases in malaise severity trigger high levels of auto-
nomic arousal via a reduction in parasympathetic neural activity (Kim
et al., 2011; LaCount et al., 2011; Molefi et al., 2023a). Given that
elevated autonomic arousal has been associated with significantly in-
creased T wave amplitude (Gray et al., 2007), we surmise that changes

in peak radial density — which captures the morphology of the T
wave (Table 1) — may reveal differences in participants under taVNS
versus sham. Similarly, beat-to-beat variability measures such as peak
theta density and maximal density may help differentiate motion-
induced nausea based on the notion that lower beat-to-beat variability
would indicate heightened malaise. A reduction in the R peak ampli-
tude would indicate stress (Doi et al., 1983); therefore, peak attractor
outline — which corresponds to R peak amplitude (Table 1) — may re-
veal the development of motion-induced nausea as participants exhibit
agitation.

2.7. Machine learning

To perform classification of electrical stimulation type, active ver-
sus sham taVNS, we trained discriminant analysis, ensemble (with
AdaBoostM1 and LogitBoost), logistic regression, naive Bayes, neural
network, and support vector machine (with Gaussian, linear, polyno-
mial, and sigmoid kernels), classifiers as implemented by the functions
fitcdiscr, fitcensemble, fitckernel, fitcnb, fitcnet, and fitcsvm, respec-
tively, in MATLAB 2023b. The output of the classifiers was two classes
corresponding to taVNS versus sham. We provided as input attractor
features constructed by deriving attractor measures obtained from the
“stimulation” interval as percentage change from “baseline” attractor
measures (for each participant at each condition).

For model training, we used the leave-one-participant-out cross-
validation (LOPOCV) procedure; that is, all data for one participant
were excluded from the training dataset and used for generalization. Of
note, LOPOCYV is well-known as leave-one-subject-out cross-validation
(LOSO-CV), a term utilized by Gurel et al. (2020) for examination
of target engagement detection in tcVNS for traumatic stress triggers;
importantly, this procedure ensures that the training dataset would not



E. Molefi et al.

sham

taVNS

Autonomic Neuroscience: Basic and Clinical 261 (2025) 103318

N=6,k=1

Fig. 3. Electrocardiogram (ECG)-derived symmetric projection attractor reconstruction (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 embeddings from sham condition, (taVNS) and taVNS condition.

Table 1
Summary of attractor measures including their physiological interpretation.

Attractor parameter Description

Physiological interpretation

Peak radial density

Peak theta density

Peak attractor outline

Maximal density

The distance from the center to the outer edge of the
attractor is divided into 50 bins; then starting at the
attractor center, the sum of the density values in each bin is
computed to construct a distribution — from which a peak
value is obtained (Fig. 4a).

Angles are uniformly spaced on the attractor into 100 bins
starting at 0 degrees; to obtain a ¢ density distribution, a
summation of the density values in each bin is performed; a
peak value is then extracted from the constructed
distribution. Please note that this measure captures the most
dense parts of the attractor at a particular ¢ from the
attractor center (Fig. 4b).

This combines the aforementioned radial and angular
methods to compute the outline (perimeter) of the attractor
as the maximum r in the 0 direction; then a peak value is
obtained from the resultant profile (Fig. 4c).

This computes the histogram of the attractor, then obtains
the maximum value. Please note that this measure captures
the most frequented region in the entire attractor (Fig. 4d).

This measure reflects changes in the morphology of the T wave;
with lower values indicating a reduced T wave amplitude.

Higher values of this measure indicate lower beat-to-beat
variability.

Higher values of this measure correspond to a larger attractor,
which indicates an increase in waveform amplitude, and thus
quantifies changes in waveform morphology; for example, higher
R peak amplitude results in longer attractor arms — and in turn,
a larger attractor.

Higher values of this measure indicate lower beat-to-beat
variability.

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,
we used Bayesian optimization with 100 iterations. Please note that
the LOPOCV procedure used for model training herein was nested with
five-fold, ten-fold, and LOPOCV cross-validation options for hyperpa-
rameter optimization; and that left unspecified, the above-mentioned
MATLAB functions — fitcsvm, for example — would find hyperparame-
ters that minimize five-fold cross-validation loss. In essence, our model
setup was a nested cross-validation where the inner loops for hyperpa-
rameter optimization were run with three different settings (five-fold,
ten-fold, and leave-one-participant-out cross-validation), and the outer
loops were always run with leave-one-participant-out cross-validation.
In this context, it is important to note that our small sample size of
n = 29 would lead to a very small group size within each fold for the
ten-fold cross-validation.

For model evaluation, we computed the area under the receiver
operating characteristic curve (AUC), which is a robust metric of clas-
sification performance; whereby an AUC of 1 represents perfect clas-
sification 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. All experiments were performed
on a node consisting of a single 80 GB NVIDIA A100 GPU.

2.8. Statistical analysis

All statistical analyzes were performed using MATLAB. A two-
way repeated-measures ANOVA with within-subjects factors “time”
(pre vs. post) and “stimulation” (taVNS vs. sham) followed by post-
hoc paired t-tests was used for range normalized MSAQ and SSQ
scores. Attractor measures were averaged across all four embeddings
(i.e., N = 3,4,5,6), and then computed as 4 = 100((X — X))/ X)),
where X denotes “stimulation” or “recovery” intervals, and X, denotes
“baseline”. Percentage changes in attractor measures were analyzed
with two-way repeated measures ANOVAs with within-subjects factors
“time” (pre vs. during vs. post) and “stimulation” (taVNS vs. sham)
followed by post-hoc paired t-tests using Bonferroni to correct for
multiple comparisons when significant interactions were seen. Effect
sizes were computed using the unbiased estimate of robust Cohen’s
d. Descriptors for robust Cohen’s d are interpreted as (d < 02 —
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Fig. 4. Illustration of how the attractor measures were computed. (a) The radial density distribution is constructed from the sum of density values in each of the 50 bins along
the distance from the attractor center to the outer edge; then a peak value obtained. (b) To obtain a 0 distribution, the sum of density values in each of the 100 bins of uniformly
spaced angles on the attractor is computed; then a peak value obtained. (¢) Here the radial and angular methods are combined to compute the attractor outline as the maximum
r in the 0 direction with the peak extracted from the resultant profile. (d) The histogram of the attractor is computed and a maximum value obtained. See Table 1 for the

physiological interpretation of these measures.

‘negligible’; d < 0.5 — ‘small’; d < 0.8 — ‘medium’; d > 0.8 — shampost_pre), or MSB scores (expressed as absolute values), we com-
‘large’) (Cohen, 2013). To probe for possible relationships between puted Spearman’s rank correlation coefficient (expressed as Spearman
percent changes in attractor measures (expressed as difference of p), and used the Bonferroni method to correct for multiple com-
differences, i.e., taVNSgyrng pre — ShaMgyringpre OF taVNSpog pre — parisons. Data are expressed as median and quartiles, or mean +
shamy,og_pre) and range normalized behavioral measure changes (like- standard error of the mean (SEM). All statistical tests were two-tailed
wise computed as difference of differences, i.e., taVNS, o pre at (p < 0.05). To evaluate machine-learning models, we computed the
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area under the receiver operating characteristic (ROC) curve (AUC)
metric.

3. Results

The mean + SD (range) MSSQ-Short scores of the included partici-
pants (n = 29) was 27.84+8.52 (15.75—48.00), with MSSQ-Short subscale
scores of (MSA = 13.61+5.53 [mean + SD]; MSB = 14.23+4.95). To estab-
lish that the nauseogenic visual stimulation induced motion sickness,
we examined the participant’s subjective level of nausea ratings in the
sham condition; this analysis revealed a correlation between median
nausea rating and time to peak nausea (Spearman p = —-0.51, p =
0.0047). Participants exhibited no notable changes in the scores of the
MSAQ total and subscale responses between taVNS and sham. For the
SSQ instrument, the SSQ total, oculomotor, and disorientation measures
did not indicate any marked interactions (stimulation x time) between
taVNS and sham; however, we observed improvements in SSQ nausea
factor scores (two-way repeated measures ANOVA; stimulation, F) 5 =
10.76, p = 0.0028; time, F|,3 = 23.04, p = 4.79 x 107%; stimulation x
time interaction, Fj,3 = 4.29,p = 0.0476; with Bonferroni’s post-hoc
correction) with taVNS versus sham. To further examine the efficacy
of the nauseogenic visual stimulation in inducing motion sickness, we
compared the SSQ nausea factor scores before and after the induction
in the sham condition; and found a significant increase in nausea (r =
—4.36, p = 0.0002, d = —1.17). Notably, no participants in our study
vomited during or after nausea induction.

While a two-way repeated measures ANOVA revealed a significant
effect of time only (F, 5¢ = 5.12, p = 0.0090) for peak radial density re-
sponses (averaged across all embeddings) between taVNS and sham, we
observed a significant effect of stimulation (F;,3 = 10.25, p = 0.0034),
time (F, 54 = 12.48, p = 3.30x107°), and an interaction (F, 55 = 6.02, p =
0.0043) for peak theta density; and post-hoc analysis (with Bonferroni
correction) revealed a taVNS-induced reduction in peak theta density
responses during stimulation (+ = 2.76, p = 0.0101, d = —0.83; Fig. 5b),
as well as post-stimulation (+ = 2.91, p = 0.0069, d = —0.95; Fig. 5f).
Moreover, we found significant differences between taVNS and sham
in maximal density responses (two-way repeated measures ANOVA;
stimulation, Fy,q = 792, p = 0.0088; time, F s = 842, p =
0.0006; stimulation x time interaction, F, s, = 4.02, p = 0.0234). Post-
hoc analysis showed a marked reduction in maximal density during
stimulation (r = 2.42, p = 0.0223, d = —0.77; Fig. 5d), and following
stimulation (r = 247, p = 0.0199, d = —-0.66; Fig. 5h) with taVNS
versus sham. For peak attractor outline responses, we did not observe
a significant stimulation x time interaction.

For additional analyses, we computed correlations between MSB
scores (expressed as absolute values) and range normalized changes
in SSQ nausea scores (computed as difference of differences, i.e.,
taVNSosi_pre — Shampoge_pre), and percent changes in attractor measures
that revealed marked significance, which were likewise calculated as
difference of differences (specifically, taVNSqyringpre — Sha@Mgyring_pre
for the taVNS vs. sham contrast; and taVNSqg_pre — Shamp,g_pre for the
post-taVNS vs. post-sham contrast) (Table 2). MSB scores are used here
because these are adult-based motion sickness susceptibility scores.
As shown in Table 2, maximal density during taVNS versus sham
demonstrated a high positive correlation with MSB (Spearman p =
0.52, p = 0.0040); however, this significance was not observed for the
post-stimulation interval. We also found a marked negative correlation
between peak theta density for post-taVNS versus post-sham with SSQ
nausea scores.

We used machine learning to perform classification of stimulation
type, active or sham taVNS, from 20 features extracted from attractors
obtained at taVNS and sham sessions; Fig. 3 presents sample attractors
for one example participant. Of the trained classifiers, an ensemble
of boosted classification trees using adaptive logistic regression (Log-
itBoost) classifier demonstrated great performance when minimizing
five-fold (AUC = 0.72) and ten-fold (AUC = 0.81) cross-validation
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Table 2

Spearman’s rank correlation coefficients between behavioral measures MSB scores and
range normalized changes in SSQ nausea scores, and attractor measures derived during
and following taVNS and sham stimulation. Specifically, MSB scores were calculated as
absolute values; range normalized SSQ nausea scores were computed as difference of
differences (i.e., taVNS;oq e — shampgg o). Likewise, the presented percent changes
in attractor measures were computed as difference of differences: taVNSyying pre —
shamgipg_pre for the taVNS vs. sham contrast; and taVNS o e — shamyog e for the
post-taVNS vs. post-sham contrast. 44 indicates difference of differences. MSB, over the
last 10 years motion sickness susceptibility questionnaire (MSSQ) scores; SSQ, simulator
sickness questionnaire; taVNS, transcutaneous auricular vagus nerve stimulation.

MSB AASSQ nausea
P p-value p p-value
taVNS vs. sham
AAPeak theta density 0.25 0.1822 -0.35 0.0640
AAMaximal density 0.52 0.0040 0.04 0.8342
Post-taVNS vs. Post-sham
AAPeak theta density 0.03 0.8600 —-0.44 0.0171
AAMaximal density 0.24 0.2088 -0.35 0.0594
Table 3

The AUC values of ten models for binary classification of taVNS therapy response
derived using LOPOCV with nested 5-fold, 10-fold, and leave-one-participant-out cross-
validation. Specifically, our model setup was a nested cross-validation where the inner
loops for hyperparameter optimization were run with three different settings (five-
fold, ten-fold, and leave-one-participant-out cross-validation), and the outer loops were
always run with leave-one-participant-out cross-validation. It is important to note that
our small sample size of n = 29 would lead to a very small fold size for the ten-
fold cross-validation. AUC, area under the receiver operating characteristic (ROC)
curve; taVNS, transcutaneous auricular vagus nerve stimulation; LOPOCV, leave-one-
participant-out cross-validation; SVM, support vector machine.

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
Naive 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

loss (Table 3). Importantly, the results suggest that the classification
ensemble (AdaBoostM1 and LogitBoost) models show above chance
levels to reveal which electrical stimulation — taVNS or sham - a given
participant received; in particular, when using five-fold and ten-fold
cross-validation (Table 3). Notably, we observed that the AdaBoostM1
classifier also achieved an acceptable AUC score with nested LOPOCV
(AUC = 0.72). Furthermore, as presented in Table 3, discriminant
analysis, and SVM with linear kernel classifiers also obtained AUC
values considered acceptable (AUCs > 0.7).

4. Discussion

We have studied the effects of non-invasive vagus nerve stimulation
on the morphology and variability of ECG recordings obtained from
participants receiving active taVNS versus sham in tandem with nau-
seogenic visual stimulation. Our results show, for the first time, that
taVNS induces differential effects on ECG-derived SPAR measures when
compared to sham. More specifically, we observed marked taVNS-
induced reductions in the peak theta density and maximal density both
during and following taVNS versus sham stimulation. Our findings fur-
ther revealed that peak theta density responses after taVNS are linked
with reductions in SSQ nausea scores in comparison to sham; and that
susceptibility to motion sickness as determined by adult-based motion
sickness subjective scores (i.e., MSB scores) was correlated with a
taVNS-induced reduction in maximal density responses. Using machine
learning with cross-validation, we demonstrated that taVNS response
could be detected with above chance level classification performance
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Fig. 5. Attractor features show marked reductions by taVNS versus sham stimulation. (a-d) Violin plots showing attractor measures (averaged across all the different embeddings,
ie., N =3,4,5,6) as percentage change from baseline across all participants during sham and taVNS administration. (e-h) And following sham and taVNS administration. Each
data point represents a participant’s attractor measure averaged across the different embeddings. Percentage changes in attractor measures were analyzed with two-way repeated
measures ANOVAs with within-subjects factors “time” (pre vs. during vs. post) and “stimulation” (taVNS vs. sham) followed by post-hoc paired t-tests using Bonferroni to correct
for multiple comparisons when significant interactions were seen. Solid lines indicate mean; dashed lines indicate median.

as measured using the AUC, suggesting a potential avenue for machine
models to aid determine whether taVNS has been delivered.

taVNS (20 Hz) administration has been demonstrated previously to
prolong sinus cycle length in atrial fibrillation (Stavrakis et al., 2015);
most importantly, suggesting 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, we were able to show that taVNS differential effects on
ECG shape may be indexed by ECG-derived attractor measures (Fig.
5); in turn, providing initial insights for the hypothesis that this an-
alytical tool may play an important role in facilitating evaluation of
taVNS-induced effects on ANS function.

Among all the attractor measures examined, we found that 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, we observed a marked relationship between
the peak theta density metric and a significant reduction in motion
sickness severity symptoms (as measured by SSQ nausea scores; Table
2), suggesting that reduced attractor density may be a reliable phys-
iological 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, we surmise here
that taVNS may be inducing shifts in ECG T wave morphology and, in
turn, ventricular repolarization, thus providing a mechanism by which
participants experience less severe malaise with taVNS in contrast to
sham.

Our data additionally indicate that taVNS consistently reduced
maximal density of the attractors both during and following stimu-
lation (Fig. 5d, h). Importantly, this finding is consistent with evi-
dence showing significantly lower attractor maximal density during
vasodilation (Thanaj et al., 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 suggested that this increase was reflective of reduced wave-
form variability. From this finding, we can infer that taVNS may be
promoting increased ECG variability suggesting potential physiologic
utility in taVNS for motion-induced nausea. Indeed, we observed a

significant positive correlation between a taVNS-mediated reduction in
maximal density and adult-based motion sickness susceptibility scores
(that is, MSB scores; Table 2) to suggest that participants with high
susceptibility to motion sickness derived the most benefit from taVNS.
This has important implications for motion sickness management in
individuals well-known to be highly prone to this malady, such as
women (Stanney et al., 2020), individuals with history of migraine
or vestibular migraine (Wurthmann et al., 2021), including those with
history of traumatic brain injury (Classen and Owens, 2010).

While we observed a significant interaction (stimulation x time)
between taVNS and sham for the SSQ nausea factor scores, none of the
MSAQ responses (MSAQ subscales or total score) revealed marked in-
teractions. It is not clear why this is the case. Previous studies that have
used an fMRI-compatible variant of the nauseogenic visual stimulus did
not administer the MSAQ alongside the SSQ (e.g., LaCount et al., 2011;
Napadow et al., 2013); thus, in the absence of this co-administration
of MSAQ and SSQ for the nauseogenic stimulus, our study provides
the first data for future studies to compare to. Beyond the nauseogenic
stimulus, prior research using a real vehicle (Muth et al., 2006) and
head mounted display (Pierre et al., 2015) demonstrated significant
differences in both the MSAQ and SSQ, suggesting that with these stim-
uli, both instruments captured the subjective effects of motion-induced
sickness. In this light, a possible explanation for the lack of differences
in our study may be that the MSAQ may not extend across stimuli or
may not demonstrate consistency in evaluating malaise when nausea
induction is performed using the nauseogenic visual stimulus. Another
possible explanation can be offered by Czeisler et al. (2023), wherein
the authors discussed how the equal weighting of the MSAQ items may
influence assessment of motion sickness by increasing the total MSAQ
scores in the absence of nausea or vomiting, or decreasing the total
MSAQ scores when individuals experience high-malaise symptoms such
as severe nausea or vomiting.

Further investigating taVNS response, we show that when trained
on a set of ECG-derived attractor features, machine learning models
demonstrate differential performance in detecting the electrical stimu-
lation type (taVNS or sham) administered to an individual participant.
While the ensemble classifiers outperformed other models when mini-
mizing ten-fold cross-validation loss (Table 3), the LogitBoost classifier
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showed higher discriminatory power — achieving an AUC value of
0.81. Importantly, our finding implicates a model trained on attrac-
tor features for a role in determining whether stimulation has been
delivered properly.

It is also important to remark that although our model’s predictive
performance is potentially interesting, especially for future taVNS pro-
tocols, a model from a tcVNS protocol (Gurel et al., 2020) performed
better. This could be attributable to the methodological differences
that exist between this previous study and ours; most notably, the
notion that taVNS targets the auricular branch of the vagus nerve
whereas tcVNS engages 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
autonomic 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 influence cardiovascular
function differently. On the other hand, a more plausible explanation
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 significantly larger feature set (176 features in
total) compared to ours (20 features). Indeed, multimodal signal fusion
has an important role in machine learning applications for improving
model performance (Baltrusaitis et al., 2018); and we acknowledge that
our model could have benefited from combining signals from other
modalities.

There are several potential limitations to this study. First, although
we show feasibility and application of SPAR for evaluating taVNS
effects, only a limited number of attractor measures were used; there
are numerous features that could be extracted from these attractor
images; thus, how those features may respond to taVNS remains un-
known. Second, because our participant pool is predominantly female,
interpretability of these data may be gender skewed; we advise future
studies to take this variable into consideration. Third, recent evidence
suggests that taVNS influence on ANS function as indexed by HRV is
location- and charge-dependent (Machetanz et al., 2021); thus, despite
our taVNS protocol demonstrating differential effects, the stimulation
parameters and target examined here could potentially be revised to
identify optimal taVNS dosage for maximum protective effects against
motion-induced nausea. Another limitation in this study is that we
did not perform a blindness assessment; therefore, caution should be
exercised when interpreting the findings herein. Further, our study did
not include a truly out-of-sample test set and our overall sample size
was small; thus, additional caution is warranted when attempting to
generalize our findings.

In future studies, we plan to leverage SPAR to identify an opti-
mal taVNS protocol; this may require the use of machine learning
techniques given the huge parameter space for taVNS. Moreover, we
and others have shown potential for using deep learning for attractor
image classification (Aston et al., 2019; Molefi and Palaniappan, 2024);
therefore, it would be interesting to study deep neural networks trained
on attractor image data toward detection of taVNS therapy response,
including identification of effects attributable to taVNS.

5. Conclusions

Here, we document for the first time that taVNS induces differ-
ential effects on ECG morphology and variability compared to sham.
Reduced peak theta density was found to correlate with improvements
in motion-induced nausea severity (indexed by SSQ nausea scores).
Moreover, our findings demonstrate that ECG SPAR-based features may
have an important role in taVNS therapy response detection; with
implications for adaptive taVNS.
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