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Vection in virtual reality modulates vestibular-evoked myogenic
potentials

Maria Gallagher | Ross Dowsett | Elisa Raffaella Ferré

Department of Psychology, Royal Holloway Abstract

The popularity of virtual reality (VR) has increased rapidly in recent years. While
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VR is that between 20% and 80% of users will experience unpleasant side effects

Cybersickness. Cybersickness may be caused by a conflict between sensory signals
Funding information for self-motion: while vision signals that the user is moving in a certain direction
British Academy award Cybersickness: with certain acceleration, the vestibular organs provide no corroborating informa-
: ;::;:fg??}lr?sgzzn&i r;f:smg tion. To resolve the sensory conflict, vestibular cues may be down-weighted leading
SG162313; ESRC-DTC studentship to an alteration of how the brain interprets actual vestibular information. This may
account for the frequently reported after-effects of VR exposure. Here, we investi-
gated whether exposure to vection in VR modulates vestibular processing. We meas-
ured vestibular-evoked myogenic potentials (VEMPs) during brief immersion in a
vection-inducing VR environment presented via head-mounted display. We found
changes in VEMP asymmetry ratio, with a substantial increase in VEMP amplitude
recorded on the left sternocleidomastoid muscle following just one minute of expo-
sure to vection in VR. Our results suggest that exposure to vection in VR modulates

vestibular processing, which may explain common after-effects of VR.
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1 | INTRODUCTION and inputs for acceleration via the vestibular system. This

latter seems particularly important for self-motion (Green
Any Organism moving through its environment receives a & Angelaki, 2010) Three orthogonal semi-circular canals
constant stream of sensory signals about self-motion: optic detect rotational movements of the head in the three-dimen-
flow inputs from vision, proprioceptive information about sional space, and two otolith organs (utricle and saccule) sense
the position of the body from muscles, joints and tendons, translational acceleration. Vestibular inputs are integrated

Abbreviations: HMD, head-mounted display; MSSQ, Motion Sickness Susceptibility Questionnaire; VEMPs, vestibular-evoked myogenic potentials; VOR,
vestibulo-ocular reflex; VR, virtual reality.
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with signals from other sensory modalities, such as vision,
proprioception and touch (Alberts et al., 2016; Angelaki, Gu,
& Deangelis, 2011; Ferre & Haggard, 2015; Greenlee et al.,
2016). Multimodal interactions have been described in almost
all vestibular relays, including the vestibular nuclei, the thala-
mus and several areas in the cerebral cortex (Lopez, Blanke,
& Mast, 2012; Zu Eulenburg, Caspers, Roski, & Eickhoff,
2012). Such sensory convergence architecture reflects its key
role in self-motion, and the redundancy with other modali-
ties, described above.

Under normal circumstances, sensory signals for self-
motion are successfully integrated to produce a coherent
representation of the organism in the external environment.
However, conflicts between sensory modalities may occur
when sensory signals carry discrepant information. This
seems to be the case in virtual reality (VR). The popularity
of VR has increased rapidly in recent years. While signif-
icant technological advancements are apparent, a trouble-
some problem with VR is that between 20% and 80% of
users experience unpleasant side effects such as nausea, dis-
orientation, blurred vision and headaches—a malady known
as Cybersickness (Munafo, Diedrick, & Stoffregen, 2017;
Stanney, Kennedy, & Drexler, 1997). Critically, many VR
applications induce an illusory sense of self-motion, namely
vection (Palmisano, Allison, Schira, & Barry, 2015). During
vection in VR, the user is stationary while feeling a compel-
ling sense of translation or rotation induced by optic flow.
Consider for instance a typical VR scenario, in which a
VR user is driving a car. The simulation provides accurate
optic flow patterns of the road, buildings and other parts of
the environment. Thus, the visual signals tell the user that
they are moving in a certain direction with certain acceler-
ation. However, since the user is not actually moving, the
vestibular organs signal that the user is stationary, causing
a sensory conflict which may lead to VR-induced motion
sickness.

The underlying mechanisms of Cybersickness are not
entirely clear, and several theories have been proposed
(Riccio & Stoffregen, 1991; Bles, Bos, De Graaf, Groen, &
Wertheim, 1998; see Rebenitsch & Owen, 2016, for a re-
view). However, evidence suggests that Cybersickness, as
in more general motion sickness (LaViola, 2000; Reason &
Brand, 1975; Rebenitsch & Owen, 2016), may be triggered
by visuo-vestibular conflict in VR. Accordingly, the severity
of sickness symptoms increases with increased visuo-ves-
tibular conflict (Akiduki et al., 2003; Keshavarz & Hecht,
2011). It might be surprising that recent improvements in
VR technology have not reduced Cybersickness: although
several improvements in refresh rate, display resolution,
position tracking of HMDs have increased realism in VR,
no significant reduction of Cybersickness has been ob-
served (Shafer, Carbonara, & Korpi, 2017, 2019). Moreover,
VR applications with greater levels of realism have been

shown to increase levels of Cybersickness, possibly due to
even stronger visuo-vestibular conflicts (Davis, Nesbitt, &
Nalivaiko, 2015; Merhi, Faugloire, Flanagan, & Stoffregen,
2007; Stanney, Hale, Nahmens, & Kennedy, 2003). Thus,
VR requires the brain to adjust incoming sensory informa-
tion to extract self-motion information in a vection-only
environment.

Senses are usually integrated and weighted according to
their reliability, with increased weight placed on more reliable
ones (Ernst & Biilthoff, 2004; Knill & Pouget, 2004; Stein,
London, Wilkinson, & Price, 1996). As such, when a sen-
sory modality becomes unreliable the weighting placed on
it is lowered, and other sensory modalities are given higher
weighting (Ernst & Banks, 2002). Electrophysiological evi-
dence supports this optimal integration framework for visuo-
vestibular integration for self-motion (Angelaki et al., 2011;
DeAngelis & Angelaki, 2012; Fetsch, Pouget, DeAngelis,
& Angelaki, 2012; Fetsch, Turner, DeAngelis, & Angelaki,
2009; Gu, Angelaki, & DeAngelis, 2008). For example, head-
ing direction is more accurately detected when both visual
(vection) and vestibular (acceleration) cues are present (Gu
et al., 2008). Moreover, as the coherence of vection cues de-
creases, reliance on vestibular cues increases (Fetsch et al.,
2009). Thus, to deal with visuo-vestibular conflicts, such as
in VR, vestibular cues may be substantially down-weighted
(see Gallagher & Ferre, 2018, for a review). Accordingly,
changing the reliability of vestibular cues by noisy galvanic
vestibular stimulation has been shown to reduce visuo-ves-
tibular conflict in VR (Weech & Troje, 2017). Brain regions
associated with visuo-vestibular integration are likely to sup-
port this process. Vection has been shown to activate MT+,
CSyv, precuneus and parieto-insular vestibular cortex (PIVC)
(Cardin & Smith, 2010; Kovacs, Raabe, & Greenlee, 2008;
Uesaki & Ashida, 2015; Wall & Smith, 2008). Importantly,
activity in PIVC decreases when people experience a sensa-
tion of vection, supporting a functional modulation of vestib-
ular activity (Brandt, Bartenstein, Janek, & Dieterich, 1998;
Kleinschmidt, 2002; however, see Uesaki & Ashida, 2015, for
contrasting findings).

Changes in vestibular functioning may be reflected by al-
tered vestibular experiences occurring during or in the hours
and days following VR exposure (Di Girolamo & Pic, 2001;
Lampton et al., 1994; Stanney, Kennedy, Drexler, & Harm,
1999). For example, vestibulo-ocular reflex gain decreases
following VR exposure (Di Girolamo & Pic, 2001), and co-
ordination between the eyes, head and hands is poorer (Harm,
Taylor, Reschke, Somers, & Bloomberg, 2008). Furthermore,
in one of the more bizarre cases, a pilot had his view of the
world invert 180 degrees while driving a car hours after being
trained in a flight simulator (Kennedy et al., 1987). This dis-
turbing VR after-effect may be due to altered reliability of
vestibular cues for orientation: on returning to the real world
after VR, vestibular inputs are once again present—the user
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FIGURE 1
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Experimental set-up and results. (a) VEMP set-up. Electrodes were placed on the left and right sternocleidomastoid muscles

(black), with ground electrodes on the forehead and sternum or collar bone (white). Headphones were worn by the participants to deliver the

stimuli. VEMPs were elicited via 500 Hz tone burst stimuli at 100 dB into the ear ipsilateral to the side of measurement. One hundred trials were

averaged to give the final VEMP measurement. P1-N1 intervals were calculated by taking the time difference between N1 and P1 latencies. (b)

VR stimuli. Stimuli were presented on an Oculus Rift DK2 head-mounted display. Participants viewed a pattern of moving white dots on a black

background. In the random condition (left), the dots moved randomly. In the vection condition (right), the dots formed an expanding flow pattern in

the vection condition. The same velocity and number of dots were used in both conditions. (c¢) VEMP amplitudes across muscle sides and motion

conditions. Blue bars indicate random motion, while red bars indicate vection motion. Error bars represent standard error of the mean. [Colour

figure can be viewed at wileyonlinelibrary.com]

would possibly move in the environment—and the brain
would need to re-weight the vestibular signals which have
been attenuated during VR exposure. The vestibular cues are
now given a higher weighting than during the VR exposure
itself. The mentioned changes in vestibulo-ocular reflex gain
are a proxy for this (Di Girolamo & Pic, 2001).

Here, we investigated whether vestibular signals are
modulated by a brief exposure to full-field vection in VR.
We measured reflex responses to sound-evoked vestibu-
lar stimulation (vestibular-evoked myogenic potentials,
VEMPs) after immersion in a VR environment elicit-
ing an illusory sensation of linear vection. Importantly,
VEMPs are a gold-standard measure for the functioning
of the otolith receptors, widely used in clinical settings
(Rosengren & Kingma, 2013). Loud sounds stimulate the
saccule and generate a characteristic motor response in
the sternocleidomastoid muscle, which is functionally in-
volved with neck flexion and head rotation. Thus, VEMPs
could be taken as an indicator of wider vestibular—cortical
changes elicited by the sensory conflict in VR. Previous
research has found changes in VEMPs related to motion
sickness susceptibility: motion sickness is positively cor-
related with both VEMP amplitudes and asymmetry ra-
tios (Fowler, Sweet, & Steffel, 2014; Tal et al., 2013).
Similarly, exposure to microgravity, which alters otolith
functioning, caused changes in VEMP asymmetry ratios

(Clarke & Schonfeld, 2015). Therefore, we predict that
similar changes may occur during exposure to VR-in-
duced sensory conflict: exposure to vection in VR would
modulate the amplitude, and subsequently asymmetry
ratio, of VEMPs induced by sound-evoked vestibular
stimulation.

2 | METHODS

2.1 | Ethics

Written informed consent was obtained from participants be-
fore commencing the experiment. The experimental protocol
was approved by the local ethics committee (Royal Holloway
University of London), and the study was conducted in line
with the Declaration of Helsinki. The authors declare no con-
flicts of interest.

2.2 | Participants

Twenty-four healthy participants (17 female, M age = 21.13,
SD = 3.90) completed the study. Twenty-one participants
were right-handed according to their Edinburgh Handedness
Inventory scores. Exclusion criteria were any history of neu-
rological, psychiatric, hearing or vestibular disorders, epi-
lepsy or family history of epilepsy.
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2.3 | Visual stimuli

Visual stimuli were presented on an Oculus Rift DK2
head-mounted display (HMD) (Figure la). We note that
other VR displays, such as CAVEs or surround screens,
may cause similar conflicts in visuo-vestibular processing
(Kennedy, Drexler, & Kennedy, 2010). Thus, while not
under direct consideration in the present study, we believe
that the underlying mechanisms in these alternative VR
displays may be similar to those when viewing stimuli via
a HMD. Participants viewed a full-field pattern of mov-
ing white dots on a black background (Figure 1b). In the
random motion condition, the dots moved randomly. In the
vection condition, the dots formed an expanding flow pat-
tern, causing a sensation of linear acceleration. Each dot
was assigned a random scaling factor between 0.01 and
1.5. On each frame, each dot expanded in size by its scal-
ing factor in pixels from a minimum of 1 to a maximum of
9 pixels in diameter. Once the maximum size was reached,
the size reset to 1-pixel diameter. The location of the dot
on each frame was determined bgf multiplying its default
X and Y coordinates by Sczlhlllg% X 1.5. Thus, dots nearer
the centre travelled less distance than dots farther from the
centre. A white fixation cross was displayed at the centre
of the HMD. These parameters were used to investigate
the specific effects of vection on vestibular processing. We
thus eliminated other features usually present in more com-
plex VR scenarios. Participants viewed the display for 60s
before VEMP recording was taken and continued to view
the display until the VEMP recording was completed.

24 | VEMP recording

VEMPs were measured according to standard procedures
(Clarke & Schonfeld, 2015; Colebatch, Halmagyi, &
Skuse, 1994; Fowler et al., 2014) using BioMed eVEMP
USB software and hardware. Electrodes were placed on
the left and right sternocleidomastoid muscles in a bipolar
configuration, with ground electrodes on the forehead and
sternum or collar bone (Figure 1a). HDA 280 Sennheiser
headphones were worn by the participants to deliver the
stimuli. VEMPs were elicited via 500 Hz tone burst stimuli
of 7-ms duration at 100 dB SPL into the ear ipsilateral to the
side of measurement. Muscle contraction was achieved by
asking the participant to turn the head to the contralateral
side and push the head down towards the floor while lay-
ing supine. The visual stimulus remained directly in front
of the participant during the head movement, and partici-
pants were asked to maintain the correct posture while the
VEMP measurements were taken. Measurements were re-
corded at 2000 Hz sampling frequency when the software
detected that muscle tension was between 120 and 400 pV
RMS and electrode impedance less than 20k€Q. Given that

VEMP amplitudes depend on the activation of the sterno-
cleidomastoid muscle, we used a repeated-measures de-
sign whereby each participant completed both vection and
random motion conditions on both muscle sides. The first
side of measurement was counterbalanced across partici-
pants, while the visual condition was randomised within
each muscle side. One hundred single trials of 80-ms dura-
tion were averaged to give the final VEMP measurement,
with amplitudes and latencies provided automatically by
the eVEMP software. P1-N1 intervals were calculated by
taking the time difference between N1 and P1 latencies.
Asymmetry ratios were calculated accordingly, with nega-
tive values indicating higher amplitudes on the left muscle
side and positive values indicating higher amplitudes on
the right muscle side:

|[P1 N1Amp,|—|P1 NIAmp,|

100
|[P1 N1Amp,|+|P1 NIAmp,| -

Asymmetry ratio =

2.5 | Procedure

After completing informed consent procedures, partici-
pants were instructed to watch the stimuli on the HMD in
a relaxed supine position for one minute before turning the
head to the relevant muscle side and completing the VEMP
measurement. Participants first completed practice trials
on each muscle side without wearing the HMD to ensure
that they adopted the correct posture and to verify accu-
rate VEMP recording. Left and right VEMPs were then re-
corded in both vection and random motion conditions. The
first side of measurement was counterbalanced across par-
ticipants, while initial visual motion type was randomised
within each muscle side. Participants were instructed to
rest for three minutes in between measurements to allow
the muscles to relax. If measurements were not success-
fully obtained, the trial was repeated. Participants were
asked to report whether they experienced any sensations
of self-motion while watching the stimuli. Participants also
completed a Motion Sickness Susceptibility Questionnaire
(MSSQ, Golding, 1998) at the start of the session.

2.6 | Data analysis

Differences between random motion and vection conditions
and measurement side were analysed using 2x2 repeated-meas-
ures ANOVAs for P1-N1 peak-to-peak amplitudes, P1 and N1
latencies and P1-N1 intervals. Paired ¢ tests with Bonferroni
correction were used to follow up any significant main effects
or interactions. A paired ¢ test was conducted on asymmetry
ratios between random motion and vection conditions.

MSSQ percentile scores were calculated according to
Golding (2006). Pearson's correlations between amplitudes
following vection exposure and MSSQ percentile scores were
also conducted.
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TABLE 1 Means (SDs) for P1-N1
eans (SDs) for Left Right

peak-to-peak amplitudes, P1 and N1

latencies, and P1-N1 intervals by muscle Vection Random Vection Random

side and vection condition P1-N1 amplitude 281.47 25242 (63.03)  255.02 (64.41)  255.03 (40.75)

(V) (80.59)

P1 latency (ms) 15.80 (4.19)  14.78 (3.78) 14.21 (4.71) 15.56 (4.40)
N1 latency (ms) 27.18 (3.95)  27.69 (3.77) 26.03 (4.41) 27.40 (4.16)
P1-N1 interval (ms) 11.38 (3.20) 12.90 (4.30) 11.82 (4.23) 11.83 (4.43)

3 | RESULTS

3.1 | Vection reports

As expected, 22 of 24 participants experienced self-motion
during the vection condition. 3 of 24 participants reported
motion sensations during the random condition. 2 of 24 re-
ported no sensations of self-motion at all. All participants
were included in the main analysis.

3.2 | Asymmetry ratio

A significant difference in asymmetry ratio was found be-
tween vection and random motion (#(23) = —2.14, p =0.04,
Cohen's d = 0.42). Specifically, asymmetry increased fol-
lowing exposure to vection (mean = —4.51, SD = 14.58)
compared to random (mean = 1.22, SD = 12.67) motion, with
larger amplitudes on the left (mean = 281.47, SD = 80.59)
versus right (mean = 255.02, SD = 64.41) muscle side.

3.3 | P1-N1 peak-to-peak amplitude

Means and SDs for P1-N1 peak-to-peak amplitudes for each
condition can be seen in Table 1. No significant main effects
of visual condition (F} ,3 = 2.26, p =0.15, 175 = 0.089) or
muscle side (F ,3 = 0.75, p = 0.40, nﬁ = 0.03) were found
on P1-N1 peak-to-peak amplitudes. However, a significant
interaction between vection and muscle side was found (£,
3 =442, p =0.047, nﬁ = 0.16). Follow-up ¢ tests revealed
a significant increase in VEMP amplitude on the left muscle
side following exposure to vection (M =281.47, SD = 80.59)
compared to random motion (M = 252.42, SD = 63.03) stim-
uli (#,3 = 2.80, p = 0.01, Cohen's d = 0.40) (Figure Ic).

3.4 | P1and N1 latency

Means and SDs for P1 and N1 latencies and P1-N1 intervals
for each condition can be seen in Table 1. No significant main
effect of visual condition (F} ,; = 0.58, p = 0.81, nﬁ =0.003)
or muscle side (£} ,3 =0.25, p = 0.62, r]; =0.011) was found
on P1 latency. No significant interaction was found (F
23 =2.07,p=0.16, 11; =0.083). Similarly, no significant main

effect of visual condition (F; ,3 =1.17, p = 0.29, ;73 = 0.048)
or muscle side (F| 3 =1.51, p =0.23, ’7,3 = 0.062) was found
on NI latency. No significant interaction was found (F
23 =0.38, p =0.54, 11[% = 0.016). Finally, no significant main
effect of visual condition (F} ,; = 0.72, p = 0.41, ;7; =0.03)
or muscle side (F} ,3 =0.17, p = 0.69, '713 = (0.007) was found
on P1-N1 intervals. No significant interaction between factors
emerged (F| ,3=1.47,p=0.24, ’75 =0.06).

3.5 | MSSQ correlation

The average MSSQ percentile score was 41.80%, correspond-
ing to moderate motion sickness susceptibility. Individuals
can be classified as having low susceptibility to motion sick-
ness with percentile scores from 0 to 25%, moderate suscep-
tibility from 25 to 75% and high susceptibility with scores
above 75% (Golding, 2006). Accordingly, 8 participants in
the present study had low susceptibility to motion sickness, 12
had moderate susceptibility, and 4 had high susceptibility. No
significant correlations were found between MSSQ percentile
scores and VEMP amplitudes after exposure to vection on ei-
ther the left (r = —0.07, p = 0.76) or right (r = 0.18, p = 0.39)
muscle side; thus, motion sickness susceptibly does not seem
to influence the VR-induced increase in VEMP amplitude.

4 | DISCUSSION

Under normal conditions, the brain optimally combines
sensory signals according to their reliability (Ernst &
Banks, 2002). When experiencing vection, for example
in VR, the visual system signals that the user is moving
through the environment (vection); however, vestibu-
lar information signals that the body is stationary. This
sensory conflict may subsequently lead to symptoms of
Cybersickness (Stanney & Kennedy, 1998). The brain
thus has to habituate to extract self-motion information
from vection in a visuo-vestibular conflicting environment
(Akiduki et al., 2003; Keshavarz & Hecht, 2011; Reason
& Brand, 1975). To resolve this sensory conflict, vestibu-
lar signals for self-motion may be down-weighted, which
may in turn affect how the brain processes incoming online
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vestibular information (Gallagher & Ferre, 2018; Weech
& Troje, 2017). As a result, the visuo-vestibular conflict is
decreased. Critically, the re-weighting must rapidly occur
to counteract the occurrence of the visuo-vestibular sen-
sory conflict. Accordingly, Cybersickness symptoms have
been shown to typically develop within the first minutes of
VR exposure (Davis, Nesbitt, & Nalivaiko, 2014; Stanney
& Kennedy, 1998). After VR exposure, vestibular signals
for self-motion are once again present and a further ad-
justment must occur, whereby the vestibular signals are
up-weighted. Here, we have found changes in vestibular
processing after exposure to full-field vection in VR, sup-
porting the idea of vestibular re-weighting.

A growing body of literature suggests dynamic re-weight-
ing of visual and vestibular cues during and after VR vection
exposure. Vestibular—ocular reflex (VOR) gain is decreased
immediately after VR exposure (Di Girolamo & Pic, 2001),
and neuroimaging studies report deactivation of vestibu-
lar brain regions (i.e. PIVC) during vection (Brandt et al.,
1998; Kleinschmidt, 2002). These findings imply a down-
weighting of vestibular cues when self-motion is experi-
enced from vision. When vestibular cues become available,
an up-weighting may occur, which may be reflected in our
finding of increased left VEMP amplitude during vection in
VR. Similarly, previous studies have reported an increased
reliance on vestibular cues during distance perception in VR
when both visual and vestibular cues are available (Harris,
Jenkin, & Zikovitz, 1998, 2000; Jaekl, Jenkin, & Harris,
2005), and in postural control (Akizuki et al., 2005) or per-
ception of heading direction (Ter Horst, Koppen, Selen, &
Pieter Medendorp, 2015) when visual cues become unreli-
able. Overall, these findings therefore highlight the dynamic
re-weighting of vestibular cues, which may explain adapta-
tion and after-effects of VR exposure.

To our knowledge, no previous research has used VEMPs
to investigate the effects of vection exposure on vestibular
processing. VEMPs are a gold-standard measure that has
been largely used both in clinical settings and research to es-
tablish the functionality of vestibular processing (Colebatch
et al., 1994; Rosengren & Kingma, 2013). Previous research
has demonstrated alterations in VEMPs induced by motion
sickness elicited by real motion, such as seasickness (Fowler
etal., 2014; Tal et al., 2013). For instance, Fowler et al. (2014)
showed a correlation between VEMP amplitude and motion
sickness susceptibility, with higher amplitude in individuals
with high motion sickness susceptibility. We found changes
in VEMP asymmetry ratio, with a substantial increase in
VEMP amplitude recorded on the left sternocleidomastoid
muscle following just one minute of exposure to vection in
VR. Similarly, VEMP asymmetry has been reported to pos-
itively correlate with susceptibility to motion sickness (Xie
et al., 2012; Neupane, Gururaj, & Sinha, 2018; however,
see Buyuklu, Tarhan, & Ozluoglu, 2009, for contradictory

findings). While our results showed changes in VEMP asym-
metry following exposure to vection in VR, we did not find
a correlation between VEMP amplitude and motion sickness
susceptibility in our sample. Caution is required in interpret-
ing null results, and we note that motion sickness suscepti-
bility in our sample was low (8 participants) or moderate (12
participants). Thus, we cannot exclude that this might explain
the absence of correlation between physiological measures
and motion sickness susceptibility. Moreover, future research
could consider whether changes in VEMPs correspond to al-
terations in levels of Cybersickness induced by vection in VR.

In the present study, we found an increase in VEMP
asymmetry ratios following one minute of exposure to vec-
tion in VR. Interestingly, asymmetries in vestibular reflexes
have been reported in other visuo-vestibular discrepant con-
texts. For example, changes in VEMP asymmetry have been
described after exposure to altered gravity environments
(Clarke & Schonfeld, 2015). In microgravity, the absence of
gravitational cues alters vestibular functioning, which may be
similar to the absence of vestibular cues during vection in
VR. Accordingly, Clarke and Schonfeld (2015) found greater
VEMP asymmetry immediately after individuals returned
from a short-term Shuttle mission, with symmetry returning
to baseline levels 5-8 days postflight.

The changes in VEMP asymmetry ratio in the present
study corresponded to a substantial increase in VEMP ampli-
tude recorded on the left sternocleidomastoid muscle follow-
ing exposure to VR vection. It is possible that this asymmetry
may be related to asymmetries in cortical vestibular, VEMPs
and vection processing. Firstly, the vestibular cortical net-
work is distributed asymmetrically, with a preponderance
of vestibular cortical regions on the right hemisphere in
right-handed individuals (Dieterich et al., 2003). Thus, dif-
ferences in vestibular cortical processing might have caused
an interaction between vestibular responses and vection con-
ditions. Secondly, VEMPs have been demonstrated to elicit
differences in hemispherical cortical activity (Schlindwein
et al., 2008). Specifically, both left and right VEMPs acti-
vated ipsilateral superior, transverse and middle temporal
gyri and posterior insula; however, left VEMPs also included
a deactivation of bilateral dorsomedial frontal cortex, right
postcentral and supramarginal gyrus, and left caudate body
and cerebellar tonsil. In addition, right VEMP activations
were comparatively stronger than left VEMP activations, po-
tentially reflecting the right hemisphere preponderance pre-
viously reported (Dieterich et al., 2003; Schlindwein et al.,
2008). Thus, we cannot exclude that these asymmetries in
cortical VEMP processing are further enhanced following
exposure to vection in VR. Finally, as well as asymmetries
in cortical vestibular processing, asymmetric hemispheric
effects have been found in relation to vection processing.
Kovécs et al. (2008), for example, found greater activation
in right MT+ during self vs object motion perception, as
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well as greater left precuneus activation. Moreover, several
changes relating to visually induced motion sickness (VIMS)
have been found, including a decreased correlation between
left and right MT+ activity (Miyazaki et al., 2015), reduced
connectivity between left and right V1, and increased con-
nectivity between right MT+ and anterior insula and left
MT+ and MCC (Toschi et al., 2017). Taken together, dif-
ferences in cortical activity induced by VEMPs, vestibular
functioning, and vection may account for the differential ef-
fects of vection on left versus right VEMPs in the present
study; however, further verification is necessary.

An extensive account of after-effects of VR exposure
has not yet been conducted (Gallagher & Ferre, 2018).
Previous research has found that 20 minutes of exposure
to VR has detrimental effects on proprioceptive coordina-
tion between eyes, hands and head (Harm et al., 2008), in-
creased pointing errors (Stanney et al., 1999) and decreases
in vestibular—ocular reflex gain (Di Girolamo & Pic, 2001).
Here, we found increases in VEMP asymmetry and am-
plitude following just one minute of exposure to vection
in VR, suggesting that the effects of VR adaptation may
occur within the first moments of VR exposure. As partici-
pants in the present study were exposed to VR self-motion
over a very brief timescale (less than 2 minutes), further
changes in VEMP asymmetry may become apparent after
longer exposures to VR as participants habituate to the sen-
sory conflict. Moreover, while the majority of participants
in the present study reported that they felt the sensation of
vection, we did not include additional measures of vection
qualities, such as its intensity. Future research may there-
fore consider whether such qualities correlate with modu-
lation of the VEMPs. Furthermore, while we investigated
vection in VR, it is possible that similar changes may arise
from vection induced by other sources, such as projections
or computer screens (Keshavarz, Speck, Haycock, & Berti,
2017). Further research could therefore consider any poten-
tial differences in VEMPs according to display type.

VR is predicted to be pervasive in our lives: in five years,
we will use VR as we are now using smartphones. Although
VR is revolutionising our approach to technologies, education
and entertainment, there is a widely recognised need to iden-
tify whether such technology can affect neural processing and
behaviours (Gallagher & Ferre, 2018). Our results indicate
that vestibular processing is rapidly altered during vection in
VR. Importantly, this occurs below the user's conscious per-
ception and might explain the after-effects often reported after
VR exposure (Di Girolamo & Pic, 2001; Stanney et al., 1999).
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