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Sensory Down-Weighting in
Visual-Postural Coupling Is Linked
With Lower Cybersickness
Séamas Weech*, Claudia Martin Calderon and Michael Barnett-Cowan

Department of Kinesiology, University of Waterloo, Waterloo, ON, Canada

Sensory dynamics can be re-shaped by environmental interaction, allowing adaptation to

altered or unfamiliar conditions that would otherwise provoke challenges for the central

nervous system. One such condition occurs in virtual reality, where sensory conflict is

thought to induce cybersickness. Although the sensory re-weighting process is likely to

underlie adaptation to cybersickness, evidence of a link between sensory re-weighting

dynamics and cybersickness is rare. Here, we characterize the relationship between

sensory re-weighting in a balance control task and cybersickness. Participants were

exposed to visual oscillation while standing in tandem stance. The sway path length of the

center of pressure (COP) was measured and averaged for each level of visual oscillation,

and a ratio was computed between high and low oscillation magnitudes to reflect the

relative contributions of multiple sensory sources of information concerning balance

control. Results showed a significant relationship between the magnitude dependency of

sway and common sub-scales of cybersickness: disorientation [r(21) = 0.45, p = 0.028]

and oculomotor discomfort [r(21) = 0.45, p = 0.033]. We conclude that participants

who reported less cybersickness were better-able to down-weight visual information

at high magnitude oscillations, thus demonstrating a lower dependency between sway

and visual magnitude. The results confirm the utility of balance control as an indicator

of cybersickness, and support the role of multisensory re-weighting in determining an

individual’s tolerance to VR applications.

Keywords: sensory re-weighting, vection, self-motion perception, motion sickness, virtual reality

INTRODUCTION

Motion sickness is often experienced in conditions where abnormal relationships exist between
sensory cues (Money, 1970; Reason and Brand, 1975; Reason, 1978; Oman, 1990). Habituation
to motion sickness due to continued exposure to the novel conditions is thought to reflect
sensorimotor learning or re-weighting, whereby the internal models linking prior expectations,
motor output, and sensory feedback are updated (Oman, 1990; Oman and Cullen, 2014). Adapting
internal models of sensory dynamics usually depends upon environmental interaction, whereby
the statistics of a novel environment are repeatedly exposed to the central nervous system
(Harris and Wolpert, 1998; Lackner and DiZio, 2005). Findings from neurophysiology suggest
a highly-dispersed network of cortical and sub-cortical regions that underlie the re-weighting
process (Wolpert et al., 1998; Andersen and Buneo, 2003; Block and Bastian, 2012; Medendorp
et al., 2018), and specific neural units that encode and integrate unexpected multisensory cues
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have been identified in animal models (Brooks and Cullen, 2013;
Oman and Cullen, 2014).

There is considerable evidence that sensory re-weighting
occurs after exposure to conditions where the normal
relationships between sensory cues are disrupted experimentally.
Kitazaki and Kimura (2010) reported down-weighting of
vestibular cues in postural stabilization when the cues were
rendered irrelevant for estimating spatial orientation of the
body. Others have shown similar effects over a period of weeks
(Dilda et al., 2014). Experimental derivations of sensory weights
in spatial orientation tasks reveal that patients with bilateral
vestibulopathy weight vision two to three times higher than
control participants, consistent with long-term adaptation effects
(Alberts et al., 2017).

It has been proposed that individual variability in the speed
and extent to which sensory re-weighting occurs may explain
a portion of the heterogeneity in cybersickness in virtual
environments (e.g.,Weech and Troje, 2017;Weech et al., 2018a,b,
2019). Successful habituation to the novel conditions occurs if the
internal models of sensory interactions are adapted to account for
conflicts between efferent and afferent signals, or between sensory
cues across channels. Such changes can occur extremely rapidly,
especially when postural stability is threatened by a failure to
re-weight cues (Carver et al., 2006; Jeka et al., 2010).

Evidence supports the theory that a change in sensory weights
over time is associated with a change in the severity of motion
sickness. Seasickness is associated with atypical sensory weights
for vision, proprioception, and the vestibular sense, as measured
by computerized dynamic posturography (Shahal et al., 1999).
Successful habituation to seasickness following extended sea
travel was associated with a reduction in vestibular weighting
after 6 months that had disappeared after 12 months (Tal et al.,
2010). This suggests an initial reduction in vestibular weights
due to the conflict between vestibular and visual cues on-board,
followed by a restoration of normal vestibular weights once
habituation has occurred. On the other hand, Tal et al. (2010)
also found that individuals who did not habituate to seasickness
by 12 months demonstrated a linear increase in vestibular
weights, indicating that a failure to down-weight vestibular cues
prevents seasickness adaptation. Extended spaceflight has also
been shown to lead to down-weighting of vestibular cues due
to a central reinterpretation of spatial orientation cues conveyed
by the vestibular system in a zero-gravity environment (Black
et al., 1995; Black and Paloski, 1998). Specifically concerning
cybersickness, evidence suggests a reduction in cybersickness
when the sensory re-weighting process is facilitated by adding
noise to a sensory channel. Results of experiments using bone-
conducted vibration of the vestibular system (Weech et al.,
2018a) and noisy galvanic vestibular stimulation (Weech et al.,
2020b) reveal that exposure to a tonic or phasic noise stimulus
leads to improved comfort in VR applications. These results
are considered to reflect an optimal integration of sensory cues
in conditions of uncertainty, according to statistical (Bayesian)
principles of cue combination (Ernst and Banks, 2002; Ernst and
Bülthoff, 2004; Butler et al., 2010).

Here we asked if the short-term dynamics of sensory re-
weighting predict the experience of cybersickness in virtual

reality. We characterized sensory re-weighting effects in terms
of the extent to which participants’ postures were affected by
visual information in a balance control task. Given the dynamic
nature of posture-related feedback cues, the maintenance of
stable posture requires adjustments to sensory feedback cue
weights from the visual, proprioceptive, and vestibular senses
(Nashner and Berthoz, 1978; Bronstein et al., 1990; Horak
and MacPherson, 1996; Peterka, 2002). Non-linear response
properties of the balance control system suggest a role for sensory
re-weighting in maintaining stability: small magnitude visual
oscillations produce oscillatory postural responses with gains of
∼1, but increasing visual oscillation magnitude leads to lower
sway with gains of <1 (Kiemel et al., 2006).

Using an established paradigm for assessing sensory re-
weighting in the control of balance (e.g., Oie et al., 2002,
2005; Allison et al., 2006; Jeka et al., 2008), we measured the
extent to which visually-induced sway was modulated at different
amplitudes of visual field oscillation. To this end, we derived the
ratio between body sway at low- and high-amplitudes of visual
field oscillation, and used this measure as an index of sensory
re-weighting (Peterka, 2002). Following the balance control task,
we collected measures of cybersickness produced by exposure
to virtual reality content, and assessed the relationship between
sensory re-weighting and cybersickness severity. Given our focus
on short-term sensory re-weighting dynamics (as opposed to
long-term adaptation), we examined the cybersickness response
for a single bout of VR.

Ourmain outcomemeasures were twofold. First, wemeasured
the non-linear response properties of the balance control system
across visual oscillation magnitudes (small magnitude visual
oscillations produce oscillatory postural responses with gains of
∼1, but increasing visual oscillation magnitude leads to lower
sway with gains of <1; Kiemel et al., 2006). Second, we asked
participants to report subjective linear vection strength while
they were exposed to radially-expanding optic flow. Vection
has been implicated as a strong predictor for cybersickness
(Keshavarz et al., 2015; Weech et al., 2018b; but c.f. Webb and
Griffin, 2002) and as such, we assessed vection and its association
with cybersickness and indices of sensory re-weighting.

METHODS

Participants
Twenty-three adults (15 women, age= 21.04 (M)± 2.74 (SD) yrs,
range 18–29) participated in the study. We screened participants
for exclusion criteria using a self-report questionnaire that was
completed by individual participants prior to the study. Exclusion
criteria for the study included any musculoskeletal disorders,
balance/vestibular disorders, uncorrected hearing/visual deficits,
or previous/ongoing neurological conditions (e.g., stroke).
Participants were informed of all procedures and apparatuses and
provided written consent. All participants provided informed
written consent prior to taking part in the study. Remuneration
was provided to each participant ($10 per hr). All procedures
were carried out with the approval of the institutional ethics
board and in accordance with the Declaration of Helsinki.
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FIGURE 1 | (A) Depiction of the balance control task. Participants stood in a modified tandem stance with hands by their sides while observing the moving visual

stimulus on the screen. (B) Depiction of the VR task. Participants held a gamepad while exposed to the VR application with the head-mounted display.

Procedure
Balance Control
In the first part of the study, we collected balance control data
using a set of two force plates (4060-05; Bertec, Columbus, OH)
arranged in a fore-aft layout and separated by ∼1 cm. Vertical
ground reaction force and moments of force were recorded
using a custom-built LabVIEW program (National Instruments,
Austin, TX) over a 120 s period for each trial. Force plate data
were amplified online using an internal digital pre-amplifier,
sampled at a rate of 1,000Hz, and stored for off-line analysis.
The force plates were calibrated before data collection for each
participant. Once collected, the force plate data were low-pass
filtered (6Hz, dual-pass 2nd-order Butterworth filter), and the
COP parameter (sway path length) was extracted using a custom-
made LabVIEW program.

Participants were instructed to stand unshod in a “tandem”
stance with one foot on each of the force plates and with the
left foot behind the right foot, with the arms rested at their
sides in a comfortable posture (Figure 1A). A projection screen
(1 × 1.8m; 1.3m lens to screen distance) was positioned at a
distance of 0.57m from the participant, and we back-projected
images onto the screen using a projector (1920× 1080 resolution;
PROPixx DLP, VPixx Technologies). Each participant wore a pair
of goggles (80 × 50 deg visual field) to prevent their ability to
see the frame of the projection screen, which would diminish
visual-postural coupling and vection.

In each trial, a field of 500 randomly-located dots (blue, 3◦

visual angle) populated the background (black). In addition, a

fixation dot (purple) appeared at the participant’s individually
measured eye-height. Participants were asked to fixate on this
purple fixation dot, and to maintain their posture throughout the
task. The field of dots (and the fixation dot) always adhered to a
coherent sinusoidal global motion (left-right linear translation,
0.2Hz frequency), but the motion amplitude differed in each
trial. The amplitude of oscillation for each trial was administered
in a randomized order according to the method of constant
stimuli, selected from four levels (4, 8, 12, and 16mm) that were
repeated three times each, resulting in 12 trials. Each trial lasted
for 2min. A further three trials of 30 s duration were conducted
in the same stance, where participants viewed a vection-inducing
optic flow stimulus. This consisted of 250 white dots on a black
background moving at a constant 2 m/s velocity, where radial
expansion, linear perspective, and relative size cues gave rise
to the impression of linear translation of the observer in the
anterior-posterior axis (as in Weech et al., 2020a). Participants
were permitted to take breaks between trials.

Once the first 12 trials were complete, participants were
exposed to three trials consisting of radially-expanding optic

flow while they maintained the same tandem stance. Participants

were told they might experience the sensation of illusory self-
motion, “vection,” and were given the example that vection can
occur when looking out of a window at a moving vehicle. Each
of these trials lasted for 30 s. After each trial, participants were
asked to verbally rate their experience of vection (0–10, where
0 indicates feeling no vection and 10 indicates the maximum
possible vection). After all trials were completed, participants
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FIGURE 2 | Correlations between COP ratios and SSQ subscales (A–C) and SSQ total score (D). Solid lines indicate linear trends. Significant correlations were

observed in (A,B) (ps < 0.05).

were asked if they were experiencing any discomfort or sickness
symptoms (none reported any symptoms).

Virtual Reality
In the second part of the study, participants played 30min of
a VR application that has previously been identified as highly
nauseogenic (e.g., Weech et al., 2018b), consisting of a zero-
gravity space-walk simulation (ADR1FT, Three One Zero). The
VR environment was presented with a head mounted display
(Rift CV1, Oculus VR, Menlo Park, CA; 90Hz refresh rate,
1080 × 1200 resolution per eye) and the environment was
rendered by a high-end graphics card (NVIDIA GTX1070).
The headset position was tracked by a combination of inertial
(accelerometer/gyroscope) and optical (1 × infrared Oculus
camera) sensors that were part of the commercial device
package, and this movement was translated into motion of the
observer viewpoint in the VR task. The packaged software of the
headset was used to calibrate the capture space and the inter-
pupillary distance of the headset for each participant. Participants
interacted with the VR environment using a handheld gamepad
(Xbox One, Microsoft). The instructions were to “explore the
environment, and to investigate the interior and exterior of the
space station”; these instructions aimed at encouraging dynamic
exploration of the environment and exposure to nauseogenic
conflicts between visual and inertial cues. A depiction of the setup
is shown in Figure 1B.

During exploration in VR, cybersickness levels were collected

using a quick verbal report (Fast Motion Sickness scale, FMS:

“On a scale from 0 to 20 with 0 being no sickness and 20
being severe sickness, how do you feel?”; Keshavarz and Hecht,
2011). Participants were informed that they could request
early termination if their sickness level became intolerable, in
accordance with ethical considerations for their safety and well-
being. A multi-item self-report questionnaire was completed
after VR exposure (Simulator Sickness Questionnaire, SSQ;
Kennedy et al., 1993). Both measures have been validated (e.g.,
Kennedy et al., 1993; Keshavarz andHecht, 2011; Keshavarz et al.,
2015).

While participants explored in VR, we used an
electroencephalography (EEG) cap to measure their neural
activity. This measurement was for the purposes of another
research question and as such the results are not reported here.

RESULTS

First, we computed the ratio between average COP path
length at high (16mm) and low (4mm) visual oscillations,
which we term the “COP ratio.” COP ratios >1 indicate
higher sway at higher visual oscillation magnitudes than
at low magnitudes; COP ratios <1 indicate lower sway
at high visual oscillations magnitudes; and a ratio of 1
indicates equality between sway at low and high oscillation
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FIGURE 3 | (A) Change in FMS scores over time during the VR task (each participant color coded). Lines that terminate before 30min indicate the participant asked

to stop the task early. Correlations for data pooled over balance control conditions are shown with trends (blue lines). (B) SSQ total scores by mean COP length. (C)

MSSQ total scores by mean COP length. (D) Mean FMS scores by mean COP length. All correlations are non-significant (ps > 0.05).

magnitudes. The average COP ratio across participants was 1.04
(SD= 0.11, range= 0.86–1.31).

Our main result was that we observed a significant,
positive correlation between SSQ scores and COP ratios
for both the disorientation [Pearson’s r(21) = 0.45, p =

0.028] and oculomotor discomfort [r(21) = 0.45, p =

0.033] subscales. At the same time, we found no significant
relationship between COP ratios and either SSQ total
scores [r(21) = 0.39, p = 0.067] or the nausea subscale
[r(21) = 0.31, p= 0.15] (Figure 2).

We found no other significant relationships between COP

ratios and MSSQ total scores [r(21) = 0.13, p = 0.54], mean

FMS scores [r(21) = 0.23, p = 0.28], maximum FMS scores
[r(21) = 0.32, p = 0.14], or the slope of FMS scores over time

during the VR task [r(21) = 0.05, p = 0.83]. Similarly, there

was no association between mean COP path length when we

analyzed the data across all balance conditions and any of the

sickness-related outcome measures [SSQ total scores (r(90) =

0.10, p = 0.35), MSSQ total scores (r(90) = −0.01, p = 0.94),

mean FMS scores (r(90) = −0.11, p = 0.28; Figure 3)]. In
addition, we observed that participant sex had no effect on

either COP ratios [r(21) = 0.20, p = 0.36], COP path lengths
(ps ≥ 0.42), FMS scores [r(21) = 0.13, p = 0.57], or SSQ scores
[total: r(21) = 0.02, p= 0.94; subscales: ps ≥ 0.32].

We also found no significant relationships in the vection
trials between COP path length and MSSQ total scores, SSQ
total scores, or SSQ subscales scores (all ps ≥ 0.18). Similarly,
we found no significant relationships between verbal ratings of
vection strength and MSSQ total scores, SSQ total scores, or SSQ
subscales scores (all ps ≥ 0.16).

DISCUSSION

This study aimed to assess the relationship of sensory re-
weighting indices with cybersickness, as well as vection and its
association with said measures. Our results propose that short-
term sensory re-weighting differences are related to susceptibility
to cybersickness. This relationship suggests that the non-
linear response properties of the balance control system may
predict susceptibility to cybersickness. Our results also suggest
that measures of postural re-weighting are more sensitive to
individual differences in cybersickness than linear measures,
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specifically COP path length during quiet stance and vection, as
well as verbal ratings of vection.

Although there is a rich literature on the use of predictive
models for cybersickness (Kim et al., 2005; Dennison et al., 2016;
Weech et al., 2018b; Walter et al., 2019), the current results
contribute to a previously sparse literature on the link between
sensory re-weighting and cybersickness. One previous study
examined the relationship between self-reported carsickness
and the time course of habituation to galvanic vestibular
stimulation (GVS) during balance control (Balter et al., 2004).
Carsickness is produced due to large vestibular self-motion
cues and limited visual self-motion cues and it was expected
that short-term down-weighting of vestibular cues enables
habituation to carsickness. No difference in GVS habituation was
observed between groups of individuals who were susceptible
or impervious to carsickness (Balter et al., 2004). However,
the study was limited due to the fact that sickness was only
quantified by self-reported measures that rely on accurate recall
by participants. Similarly to Balter et al. (2004), we found
no significant correlation between sensory re-weighting (COP
ratios) and historic recall of motion sickness (MSSQ total scores,
which include an item on carsickness). The MSSQ measure is
problematic, as it relies on accurate participant recall over a
10 year period. Conversely, in the current study the SSQ was
completed after VR exposure, and is often treated as a gold-
standard measure of sickness symptomatology (Balk et al., 2013;
but c.f. Kim et al., 2018).

Results of the SSQ subscales in relation to COP ratios
revealed a significant positive correlation: participants with
higher COP ratios reported higher SSQ subscale (oculomotor
and disorientation) scores. COP ratios of <1 reflect lower
visually induced sway with higher oscillation amplitudes.
This reflects the sensory re-weighting occurring during the
control of balance and in this case suggests short-term down-
weighting of visual cues. The positive correlation with SSQ
subscales scores suggests that failure to down-weight visual
cues (indicated by higher COP ratios) to maintain postural
stability relates to higher cybersickness susceptibility. Therefore,
this result can be taken as evidence that sensory re-weighting
dynamics play a predictive role in determining cybersickness in
virtual reality.

The current results align with previous findings that show
effects of “noisy” vestibular stimulation on motion sickness.
Stimulation of the vestibular organs via bone-conducted
vibration (Weech et al., 2018a) or galvanic vestibular stimulation
(Weech et al., 2020b) reduces cybersickness, and these effects
are consistent with statistical principles of sensory re-weighting
whereby multimodal cues are used according to their reliability,
or noise-level (Ernst and Banks, 2002; Ernst and Bülthoff,
2004; Butler et al., 2010). In light of the current results, it
would be valuable to identify if individual differences in sensory
re-weighting also predict the extent to which a reduction
in cybersickness can be achieved using noisy stimulation.
Such an investigation would provide valuable insight into
how noise affects the perceptual decision-making processes
in individuals who demonstrate different baseline levels of
sensory re-weighting.

We predicted all SSQ subscales (disorientation, oculomotor,
and nausea) and SSQ total scores to be significantly correlated
with the sensory re-weighting index. Our results show that both
the nausea subscale and SSQ total scores were not significantly
related to COP ratios. It may be that factors other than sensory re-
weighting are strong contributors to nausea symptoms, although
we were unable to identify those factors here. However, it is
also possible that the non-significant findings relate to the power
of the statistical tests used in the current study. A statistical
power analysis based on our data (n = 23, alpha = 0.05) was
completed for the correlations between the sensory re-weighting
index and the SSQ total scores, and SSQ subscales. The effect
size (ES) for the COP ratio correlations with the oculomotor
and disorientation SSQ subscales is considered to be medium
(r = 0.45) using Cohen’s (1992) criteria. The power for these
correlations, with a sample size of n = 23 and an alpha of
0.05, is 0.60. The power for the correlations between COP
ratios and the SSQ total scores and the SSQ nausea subscale
(n= 23, alpha= 0.05) were 0.467 and 0.307, respectively. Despite
the decrease in power for these two correlations the ES are still
considered to be medium (r = 0.39 [SSQ total] and r = 0.31
[SSQ nausea]) (Cohen, 1992). Thus, it is possible that the non-
significant findings are related to the limited amount of statistical
power achieved with the current sample size, which suggests that
a replication of this study in a larger sample would be a useful
way to better understand the discrepancy in correlations across
SSQ subscales.

Since sensory re-weighting was measured here via
behavioral correlates, and without neurophysiology, alternative
explanations for the observed effects are conceivable. For
instance, could the current results be equally explained as an
effect of visual dominance on cybersickness? Evidence suggests
that increased visual dominance over other senses in postural
control can modulate the extent to which novel environmental
conditions can be accounted for in sensorimotor control (Brady
et al., 2012), and that the ability to adapt to unfamiliar conditions
can benefit from reducing visual dependency (Bloomberg
et al., 2015). However, the current results argue for sensory re-
weighting, rather than visual dominance, as the key contributor.
The primary outcomes in this study reflect the participant’s
propensity to switch from a state where vision dominates to one
where other cues strongly contribute, indicating a rearranged
set of internal weights for sensory cues. Visual dominance, on
the other hand, would manifest as strong coupling to the visual
stimulus at all magnitudes. If visual dominance were the key
factor, we would expect see a correlation between sickness and
COP path length for the (e.g.,) 16mm condition. Given that
we do not, it follows that sensory re-weighting is a more likely
candidate for the observed effects. At the same time, future
efforts should further dissociate these two related factors and
their roles in cybersickness. Additionally, it could be considered
whether the results simply reflect individual differences in
tracking behavior that modulated sickness across participants.
Since tracking the fixation dot could be achieved by moving
either the eyes or the head-on-body, COP ratios could be
partially determined by the tracking strategy adopted. Although
head-on-body motion is typically the focus in tasks such as ours
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(Oie et al., 2002, 2005; Allison et al., 2006; Jeka et al., 2008),
the use of eye tracking in future tasks should be employed to
identify strategy differences. Finally, given that our focus here
was on the re-weighting of cues to resolve sensory conflicts,
we did not compute postural stability measures to assess the
ecological theory of cybersickness (Riccio and Stoffregen, 1991);
it is conceivable that the COP ratios we measured share some
overlap with non-linear measures of postural dynamics, and an
experiment designed to separately assess those outcomes would
be a valuable next step.

While there is currently no direct evidence for the neural
locus of the re-weighting effects discussed here, recent evidence
has outlined a possible mechanism linking motion sickness to
sensory conflict. Primate neurophysiology research by Oman and
Cullen (2014) and Cullen (2012) shows that vestibular neurons
in the rhesus brainstem exhibit cancelation of vestibular input
produced by active head movement (termed “reafference”) while
input produced by passive movement (termed “exafference”) is
not canceled. Although there has been no direct link established
between the activation of these vestibular units and other areas of
brainstem that are causally involved in the emetic response, such
a link has been hypothesized to exist (Suzuki et al., 2012; Oman
and Cullen, 2014). At the same time, other research by Cullen
and coworkers has shown evidence for neurons in the cerebellum
(rostral fastigial nucleus) that preferentially code exafference
(Brooks and Cullen, 2013) and it is the activity of these cerebellar
units that is thought to drive adaptation of sensorimotor control
strategies due to sensory rearrangements (Oman and Cullen,
2014). While it is unclear whether reafferent-canceling cells are
responsive to stimuli from other modalities (e.g., optic flow),
Oman and Cullen (2014) report informal evidence of negative
results. In the context of these findings, we reason that the
individual differences in sensory re-weighting we observed here
would manifest in differential blood-oxygen level dependent
activity, detectable using neuroimaging; in a future study these
prospective differences should be identified and used as input
to a prediction/classification algorithm with cybersickness as
an output. Similar procedures targeting brainstem activity have
been used to sensitively identify the perceptual experience of
migraine (Cao et al., 2002), which shares some characteristics
with cybersickness (e.g., headache, nausea), thus lending hope to
the prospect of classifying cybersickness using brainstem fMRI.
While other studies have used imaging techniques to identify
areas associated with motion sickness (e.g., medial pre-frontal
cortex; pre-genual anterior cingulate cortex; Kim et al., 2011), this
is currently an understudied area.

It appears likely that the re-weighting process is highly
dispersed across multiple cortical and sub-cortical regions
(Andersen and Buneo, 2003; Block and Bastian, 2012;
Medendorp et al., 2018). The cerebellum plays a central role
in adapting to motor sensory prediction errors (e.g., throwing
during prism adaptation) as patients with cerebellar lesions do
not demonstrate sensorimotor adaptation (Thach et al., 1992;
Earhart et al., 2002). There is also evidence that down-weighting
vestibular cues relative to other senses during balance control
takes place centrally, perhaps at the level of the cerebellum
(Dilda et al., 2014; but note that sensory re-weighting may not

require intact cerebellar cortex or cerebellar nuclei: Block and
Bastian, 2012). The vestibular nuclei are also implicated in
multimodal information processing (Angelaki and Cullen, 2008;
Sadeghi et al., 2012; Oman and Cullen, 2014), and neuroimaging
data shows that the posterior parietal cortex—to which the
vestibular nuclei project—is selectively activated during sensory
re-weighting (Clower et al., 1996). Yates et al. (2014) identified
nausea and emetic centers that are connected to the vestibular
system regions. Some of these overlapping regions include those
implicated in multimodal information processing–the vestibular
nuclei and cerebellum (fastigial nuclei and uvula-nodulus).
These regions need to be further probed to reveal their role as
nausea, emesis and sensory processing centers. Neuroimaging
techniques and single cells animal recordings offer plausible next
steps to further examine these subcortical and cerebellar regions
in addition to the use of non-invasive brain stimulation (TMS
and tDCS) to probe superficial regions strongly implicated in
multisensory processing, such as the posterior parietal cortex
(Bremmer et al., 2001).

In summary, we used measures of postural fluctuations
(sway path length) at different levels of visual oscillation
to compute a COP ratio, indicative of sensory re-weighting
dynamics. We then exposed participants to a nauseogenic VR
experience and collected their reported cybersickness scores.
We observed evidence of a positive correlation between
cybersickness SSQ subscales (oculomotor and disorientation)
and COP ratios. We conclude that a lower COP ratio,
indicative of more successful down-regulation of visual cues
during high amplitude oscillations, is associated with lower
cybersickness: participants who were unable to down-weigh
visual information were more susceptible to cybersickness. The
proposed mechanism for this association lies in the greater
magnitude and number of sensory conflicts experienced when
conflicting sensory cues cannot be effectively organized through
the sensory re-weighting process (Dilda et al., 2014; Weech
and Troje, 2017). These results support the use of postural
stability measures and the role of sensory re-weighting as
potential indicators of cybersickness susceptibility and tolerance
to virtual reality.
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