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Introduction: The present study sets out to determine which sensory system
mostly influences self-motion perception when visual and vestibular cues are in
conflict. We paired caloric vestibular stimulation that signaled motion in either the
clockwise or counter-clockwise direction with a visual display that indicated self-
rotation in either the same or opposite directions.

Methods: In Experiment 1 (E1), caloric vestibular stimulation was used to produce
vestibular circular vection. In Experiment 2 (E2), a virtual optokinetic drum was
used to produce visual circular vection in a VR headset. Vection speed, direction,
and duration were recorded using a potentiometer knob the participant controlled
in E1 and E2. In Experiment 3 (E3), visual and vestibular stimuli were matched to be
at approximately equal speeds across visual and vestibular modalities for each
participant setting up Experiment 4 (E4). In E4, participants observed a moving
visual pattern in a virtual reality (VR) headset while receiving caloric vestibular
stimulation. Participants rotated the potentiometer knob while attending to
visual—vestibular stimuli presentations to indicate their perceived circular
vection. E4 had two conditions: 1) A congruent condition where calorics and
visual display indicated circular vection in the same direction; 2) an incongruent
condition where calorics and visual display indicated circular vection in opposite
directions.

Results and discussion: There were equal reports of knob rotation in the direction
consistent with the visual and vestibular self-rotation direction in the incongruent
condition of E4 across trials. There were no significant differences in knob rotation
speed and duration in both conditions. These results demonstrate that the brain
appears to weigh visual and vestibular cues equally during a visual—vestibular
conflict of approximately equal speeds. These results are most consistent with the
optimal cue integration hypothesis.
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virtual reality, visual—vestibular sensory integration, caloric vestibular stimulation,
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1 Introduction

1.1 Vection

Vection is commonly defined as the illusory experience of self-
motion while an individual is stationary (Dichgans and Brandt,
1978; Palmisano et al., 2015). An example of vection is sitting at a red
light while an adjacent large vehicle such as a bus or truck pulls
forward, creating the compelling illusion that the driver is moving
backward despite being stationary. Circular vection is the illusion of
perceived spinning about the yaw axis. Vection in all planes of
motion such as illusory linear self-translation, or linear vection, and
in the roll axis, referred to as tumbling, has also been produced and
studied (Mach, 1875; Howard and Childerson, 1994; Riecke and
Schulte-Pelkum, 2013). Vection is usually studied in the visual
modality. However, there is research on vection in the auditory
(Riecke et al., 2008; Keshavarz et al., 2014; Campos et al., 2018) and
vestibular modalities (Fischer and Wodak, 1924; Cress et al., 1997;
Fitzpatrick et al, 2002; St George et al, 2011; Fitzpatrick and
Watson, 2015; Weech and Troje, 2017; Gallagher et al., 2020;
Kirollos and Herdman, 2023).

Vection adds realism and immersion in training scenarios such
as military and commercial flight simulation-based training,
entertainment, and gaming (Riecke and Schulte-Pelkum, 2013).
Understanding the behavioral (Brandt et al., 973; Gibson, 1966;
Mach, 1875; Palmisano et al., 2000) and neurophysiological
(Brandt et al., 1998; Nishiike et al., 2002; Kirollos et al., 2017;
Berti et al., 2019) characteristics of vection has been of theoretical
interest to researchers for over a century because of the sensory
conflicts that can occur despite the illusion (Reason, 1978;
Palmisano et al., 2000). An example of a sensory conflict from
vection is any time visual displays, indicating acceleration/
deceleration or direction

change occurring with no

corroborating information from other sensory systems,

primarily the vestibular system, or vice versa.

1.2 Vestibular stimulation

The visual system excels in the detection of constant velocity
motion and can also detect accelerations and decelerations (Howard,
1982). The vestibular system can detect accelerations/decelerations
but cannot distinguish between constant velocity motion and being
stationary because of the inertial properties of the endolymph fluid
(Lishman and Lee, 1973). The peripheral vestibular apparatus is
located in the inner ear and is made up of two otolith organs that
detect linear accelerations (Purves et al., 2001). These are the saccule
and the utricle. The semi-circular canals (SCCs) detect angular
accelerations in the yaw, pitch, and roll axes. The horizontal SCC
in each ear is positioned 30° below Earth’s horizontal axis and
specializes in detecting velocity change in the yaw axis (Baloh, 2003).
The superior SCC is optimized for detecting the pitch-axis rotation
velocity change and the posterior SCC detects the roll-axis velocity
change (Rabbitt, 2019). The posterior and superior SCCs are both
positioned in the vertical plane but are orthogonally configured.
SCCs contain the cupular membrane in which hair cells are
embedded within the endolymph fluid and housed in the
ampullae. When the head rotates left to right, the endolymph
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fluid and embedded hair cells lag. This lag due to inertia is
complimentary in the left and right horizontal SCCs and signals
motion direction detection to the brain via the 8th cranial nerve
(Bordoni et al., 2021).

There are various methods that can be used to stimulate and
examine the peripheral vestibular organs’ function without the
individuals moving their heads. These include moving the
individual (e.g., Barany chair and motion platform) and methods
that do not require moving the individual. For instance, galvanic
vestibular stimulation (GVS) uses electrodes that act on vestibular
afferents when placed on the mastoid processes behind the ear. Some
researchers have reported that GVS produces vestibular illusions of
self-motion or vection (Fitzpatrick et al., 2002; Fitzpatrick and Day,
2004; St George et al, 2011; Fitzpatrick and Watson, 2015).
However, vection generated by GVS can be brief and has been
reported to produce a sudden tilting sensation rather than robust
self-motion experience through space (Bense et al., 2001; Moore
et al., 2011; Dilda et al,, 2014; Aoyama et al., 2015).

Another method used to produce vestibular vection while an
individual is stationary is by caloric vestibular stimulation (CVS).
CVS alters the temperature of the endolymph fluid primarily in
the horizontal SCC by administering a current of cool or warm air
or water relative to body temperature via the external auditory
canal (Barany, 1906). The air or water is preset to be different
than body temperature, thus creating a thermal gradient that
changes the endolymph fluid’s density. A convection current
produces a pressure change across the cupula after the
heated or cooled. The
endolymph fluid shifts, resulting in perceived spinning and

endolymph fluid is sufficiently
resembling what happens during the yaw motion of the head
or vestibular vection.

CVS has seldom been used to study vestibular vection (Kirollos
and Herdman, 2023). In contrast, CVS has primarily been used to
assess vestibular health and function (Barany, 1906; Coats et al.,
1976; Jacobson, 1993; Gongalves et al., 2008; Sluga et al., 2021). The
direct link between extra ocular muscles and SCCs allows for the use
of CVS to trigger an eye movement called the vestibular ocular reflex
(VOR) to assess vestibular health (Hogyes, 1913; Goldberg et al.,
1987). The VOR keeps the image steady on the retina when the head
moves. CVS has also been used to study fluid dynamic properties in
the inner ear (Meiry and Young, 1967; Kassemi et al., 2004; Kassemi
et al., 2005; Santos et al., 2017; Rabbitt, 2019; Wu et al., 2021), assess
spatial orientation in vestibular patients (Karnath, 1994; Moon et al.,
2006), for neuroimaging of vestibular cortical regions (Frank et al.,
2014; Frank and Greenlee, 2014; Frank et al., 2016; Klaus et al.,
2020), and as a clinical intervention in patients with schizophrenia,
psychosis, and psychopathy (Levy et al., 1983; Jones and Pivik,
1985).

1.3 Visual—-vestibular sensory integration

A minority of studies on visual-vestibular sensory integration
have found evidence supporting the notion of visual dominance
during a conflict, specifically demonstrating that visual displays can
influence posture in the absence of the vestibular input (Berthoz
etal., 1975; Lee and Lishman, 1975; Lishman and Lee, 1973; Warren,
1895). Some studies have also demonstrated vestibular dominance
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during a conflict. For instance, Butler et al. (2010) found heading
(i.e., the ability to perceive and distinguish the implied direction of
self-motion from an optic flow pattern) to be more consistent with
vestibular cues than with visual cues. Moreover, Harris et al. (2000)
found that estimations of a person’s traversed distance were more
consistent with vestibular cues than with visual cues. However, most
studies on visual-vestibular sensory integration have demonstrated
that information from different sensory systems is fused in a
statistically optimal fashion to reduce perceptual uncertainties,
consistent with the optimal cue integration hypothesis (Clarke
and Yuille, 1990; Telban and Cardullo, 2001; Ernst and Banks,
2002; Reymond et al., 2002; Gu et al., 2008; de Winkel et al., 20105
Fetsch et al., 2010; Jirgens and Becker, 2011; de Winkel et al., 2013;
Jirgens et al., 2016; Rohde et al., 2016). The optimal cue integration
hypothesis posits that the brain will rely on the sensory cue,
providing the most reliable information, where “reliability” is
defined as the inverse of a cue’s variability (Fetsch et al., 2010).
Some studies have reported deviations from the optimal cue
integration hypothesis (de Winkel et al., 2010; Fetsch et al., 2012;
de Winkel et al, 2015) and that cue reliability can be dynamic
(Fetsch et al.,, 2009). Many of these studies pair a visual pattern of
dots with a motion platform that moves linearly or angularly,
generating congruent and incongruent conditions to study the
heading and vection directions.

Weech and Troje (2017) showed that visual vection onset times
are significantly reduced when noisy GVS (i.e., GVS signaling
motion in no particular direction) is administered while viewing a
visual display signaling vection. Visual vection has also been
shown to be stronger when noisy vestibular signals are applied
simultaneously compared to visual vection with no noisy GVS
(Weech et al., 2018; Weech et al., 2020). Cress et al. (1997)
reported significantly more convincing vection by participants
when GVS that induced the roll axis tilt was combined with a
visual display, indicating a tilt in the same direction compared to
only viewing the visual display in the absence of GVS. The
common finding between these three studies is that the
reliability of the vestibular cue is decreased by noisy GVS and
that the visual cues become relied upon by the individual. In all
these studies, the unreliable vestibular signal generated by noisy
GVS appears to cause a sensory reweighting to favor the visual
cue, consistent with predictions made by the optimal cue
integration hypothesis.

Kirollos and Herdman (2023) extended these findings using
CVS in a recent experiment. In the first condition, participants
received CV'S with eyes closed. In the second condition, participants
received CVS with eyes open, while they observed a stationary
display signaling no self-motion in a virtual reality (VR) headset.
Participants rotated a potentiometer knob that recorded the
direction, speed, and duration of vection. Findings from the first
condition indicated that circular vection can be induced in the
vestibular system using CVS. In the second condition, participants
still experienced vection despite a visual-vestibular conflict
(i.e., visual cues signaling no motion while calorics acted as
vestibular cues signaling spinning). However, vection was
significantly shorter and slower during a conflict (Condition 2)
than during no conflict (Condition 1). Kirollos and Herdman (2023)
concluded, based on their results, that neither the visual nor
vestibular systems dominated self-motion during a conflict and
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that the results were most consistent with the optimal cue
integration hypothesis.

1.4 Present study and hypotheses

In the present study, we extended findings of Kirollos and
Herdman (2023) by presenting participants with a visual display
that moved during CVS administration. This is in contrast to the
stationary display used in Kirollos and Herdman (2023). A
visual-vestibular conflict was created in the present study using
CVS to produce vestibular vection at approximately equal speed, as
in the visual modality at the same time but in the opposite direction.

Four experiments were conducted in this paper with the same
participants over 10 weeks. Perceived vection speed, direction, and
duration were recorded using a potentiometer knob in Experiment 1
(E1) and Experiment 2 (E2) [see Kirollos and Herdman (2021) and
Kirollos and Herdman (2023) for details and validation of this
method].

In El, participants received CVS with their eyes closed to
confirm that they experienced vestibular circular vection. In El,
we hypothesized that CVS would induce vection in the clockwise
(CW) direction in majority of left-ear cool air irrigations and
counter-CW (CCW) vection in right-ear cool air irrigations.
These findings would be consistent with the finding that cold air
or water CVS relative to body temperature produces eye movements
in the direction opposite to the ear being irrigated and that warm air
or water CVS produces eye movements in the same direction as the
ear being stimulated (Jacobson, 1993; Kirollos and Herdman, 2023).
Therefore, during all cold CVS trials in this study, left-ear CVS
should produce CW vection in the yaw-axis and right-ear CVS
should produce CCW vection in the yaw-axis accordingly. We also
hypothesized that vestibular vection speeds and durations would not
differ substantially across trials because factors assumed to impact
vestibular vection speed and duration, including temperature and air
pressure, were held constant throughout the experiment (Wu et al.,
2021).

In E2, the same participants observed a virtual optokinetic drum
presented in a VR headset. They did not receive CVS. We
hypothesized that the participants would experience vection in
the direction indicated by the visual display in E2 at a speed that
was faster than that indicated by the visual display, replicating
Kirollos and Herdman (2021).

In Experiment 3 (E3), participants underwent one CVS trial at
the start of the experiment. They were asked to remember their
speed of spinning. The method of adjustment was then used by the
participants to match the speed of vection they experienced from
CVS to visual vection trials.

In Experiment 4 (E4), participants underwent two conditions: a) a
congruent condition where visual and vestibular vection directions
were the same and b) an incongruent condition where the visual and
vestibular vection directions were different. Visual and vestibular
directions in E4 were set to be the same based on the method of
adjustment, matching the task performed in E3 for each participant.
We hypothesized that participants would experience faster vection in
the congruent condition compared to the incongruent condition. We
also hypothesized that visual and vestibular cues would be used equally
in deciding the self-motion direction in the incongruent condition.
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FIGURE 1
ICS Air Caloric Irrigator. Photo credit: Ramy Kirollos.

FIGURE 2
Potentiometer knob used by participants to index vection. Photo
credit: Ramy Kirollos.

These findings would be consistent with the optimal cue integration
hypothesis and findings from Kirollos and Herdman (2023).

2 Experiment 1: inducing vestibular
vection using caloric vestibular
stimulation

The objective of E1 was to assess if participants experienced
vestibular vection using CVS. CVS with cold air was used to induce
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vestibular vection, replicating an experiment from Kirollos and
Herdman (2023).

2.1 Methods

2.1.1 Participants

A total of 16 participants were recruited from Carleton
University in accordance with an ethics package approved by the
local university ethics board. Participants who reported visual or
vestibular abnormalities, history of concussion, or who did not
respond to vestibular vection were excluded from this study. Of
these 16 participants, three participants did not sense vestibular
vection in E1 and an additional three participants were removed
because they experienced discomfort from CVS and did not wish to
continue. A total of 10 participants (four female and three left-
handed, Mg = 26.2, SDagg = 3.1) were included in the final
analysis from E1. All participants were paid and agreed to participate
in experiments 1-4.

2.1.2 Apparatus
2.1.2.1 ICS NCA 200 air caloric irrigator

The irrigator shown in Figure 1 delivered air via a glass speculum
fitted with a disposable rubber tip to a participant’s ear.

2.1.2.2 Control knob

The SpinTrak rotary potentiometer knob shown in Figure 2
was used to record circular vection speed, direction, and duration
previously developed, validated, and used in Kirollos and
Herdman (2021) and Kirollos and Herdman (2023). The knob
was circular, had a diameter of 4.4 cm, and could only be turned
CW or CCW indefinitely. It had a tachometer and a high-
resolution pulse rate of 1,200 units over 360° for precise knob
position tracking and recording. The knob was USB-integrated
with custom software that logged turn rates in °/s at 75 Hz. It was
housed in a custom-built wooden box and rested on the
participant’s stomach during testing.

2.1.2.3 Computer

The computer logging knob data comprised an Intel Core
i7 processor, an NVIDIA GeForce GTX980 graphics card, and
16 GB RAM.

2.1.3 Stimuli

CVS trials were performed monaurally or one ear at a time. All
CVS trials were performed at the same and constant temperature of
18°C and a constant air pressure of 10 L/min in all trials. These
values were chosen to maximize chances of inducing vestibular
vection. The participants underwent two left-ear and two right-ear
irrigations, totaling four trials per participant. Each irrigation lasted
between 90 and 180 s depending on when participants reported
experiencing a robust spinning sensation in either the CW or CCW
direction.

2.1.4 Procedure

The participants were tested individually in a dark and quiet
room with eyes closed and wore a blindfold. They laid down in
the supine posture on a table with their heads rested on a 30°-
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Blindfolded participant laying down

Air Caloric Irrigator

ube transporting cool air to participant ear

Participant holding box containing

Participant using index finger
of dominant hand to rotate knob

knob with non-dominant hand

Knob resting on

participant abdomen

FIGURE 3

Schematic representation of a participant laying down in the supine posture blindfolded and holding a knob on their abdomen during CVS trials in E1.

angle wedge pillow to optimally stimulate horizontal SCC by
ensuring it is parallel with Earth’s horizontal axis (Baloh, 2003).
The participants rested the potentiometer knob on their
stomach and had their
positioned on the knob. They held the wooden box

dominant hand’s index finger
containing the knob with their non-dominant hand, as
shown in Figure 3. The experimenter visually inspected the
participants’ ear for any obstruction that may reduce the
efficacy of CVS before the experiment began.

The participants were asked to demonstrate CW and CCW
rotation of the knob with their dominant index finger to the
experimenter to avoid confusion about the direction during trial
response periods. When irrigation began, the participants verbally
described the self-motion direction and strength to the
experimenter. Once a robust spinning sensation was reported,
the participant rotated the knob in the direction and at the speed of
the vection continuously for the length of the trial as long as they
experienced a robust and consistent spinning sensation to match
the speed of their vection. The knob had little friction, so the
participant could easily continuously rotate it. The experimenter
was in the room for the duration of the experimenter and observed
the participant spinning the knob with their index finger. The
experimenter ensured the knob direction was consistent with the
verbally reported vection direction. The participants were
instructed to verbally report when they no longer experienced
vection and to stop spinning the knob, prompting the
experimenter to end the trial. If participants reported swaying,
rotation but with no precise direction, or no self-rotation, they
were instructed not to rotate the knob. The participants were given
at least 10-min breaks between CVS trials to allow time for
endolymph fluid in the inner ear to reach the normal body
temperature and resulting vestibular circular vection to subside.
During breaks, the participants kept their eyes closed for the first
2 min to avoid any possible nausea and disorientation resulting
from any lingering vection. This procedure was repeated four
times, alternating left and right ear CVS. The experiment lasted
approximately 90 min.

Frontiers in Virtual Reality

2.2 Results

Vection direction data were analyzed with a McNemar test.
Vection speed and duration data were analyzed using within-
subjects t-tests.

2.2.1 Vection direction

The participants experienced vection on 33 of 40 trials (82.5%).
Of the 20 left-ear irrigation trials, the participants reported
experiencing CW rotation on 12 trials and reported experiencing
CCW rotation on four trials. Of the 20 right-ear irrigation trials, the
participants reported experiencing CW rotation on 10 trials and
reported experiencing CCW rotation on seven trials. A McNemar
test revealed that there was no significant difference for the ear
irrigated in the direction of perceived vection, p = 0.50.

2.2.2 Vection speed

The mean speed (°/s) from each trial in the left (M = 125.7, SD =
116.9) vs. right (M = 130.6, SD = 100.7) ear was compared with a
within-subjects t-test. The effect of the ear irrigated on the speed of
knob rotation was not significantly different (t < 1, df = 9).

2.2.3 Vection duration

The mean vection duration (s) from each trial in the left (M =
46.9, SD = 20.7) vs. right (M = 48.2, SD = 19.9) ear was compared
with a within-subjects t-test. The effect of the ear irrigated on the
duration of rotation was not significant (f < 1, df = 9).

2.3 Discussion

A difference was expected in the vection direction between the
left- and right-ear irrigations. This is because according to the eye
movement data in Jacobson (1993), cool air calorics in the left ear
should result in vection in the CW direction and cool air calorics in
the right ear should result in vection in the CCW direction, but we
did not find this to be the case. This also conflicts with the findings
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i

FIGURE 4

Virtual optokinetic drum presented in the VR headset in E2. The
drum was presented in the VR headset and appeared in 3D while the
participant lay supine with their heads tilted slightly forward on the
wedge pillow. Stripes moved either CW or CCW.

from Kirollos and Herdman (2023), where cool air irrigation was used
and majority of left-ear irrigations resulted in CW vection and majority
of right-ear irrigations resulted in CCW vection. Although a significant
difference in directions was found in Kirollos and Herdman (2023),
there was variability in directions. Moreover, the sample was smaller in
the current study (n = 10), compared to Kirollos and Herdman (2023)
(n = 24), likely contributing to the variability in current results.

There were no significant differences between the left- and right-
ear trials in the vection speed and duration. It was expected that
there would be no difference in the vection speed and duration
because temperature and air pressure were held constant throughout
trials. Importantly, long vestibular vection durations upward of 45 s
on average were observed, replicating findings from Kirollos and
Herdman (2023).

We confirmed that vestibular vection can be experienced as
demonstrated by the majority of trials in E1. However, the
vection direction varied more than anticipated. It was
important to confirm vestibular vection in E1 because
vestibular vection is more variable and difficult to induce than
visual vection, better ensuring that participants in E4 would
experience a visual-vestibular conflict.

3 Experiment 2: inducing visual vection
using a virtual reality headset

The objective of E2 was to ensure participants from
El experienced visual vection. The from

El returned to the laboratory for E2. The participants viewed a

10 participants

vertical-striped virtual cylinder presented in a VR headset at three
distinct constant velocities in the CW and CCW directions, totaling
six conditions. We predicted that participants would experience
visual vection and that the speed of knob rotation would be linked to
the display speed. Based on findings from Kirollos and Herdman
(2021), we predicted that participants would rotate the knob faster
than the speed of the display and that the display speed would result
in significantly different knob rotation speeds.
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Vection Speed

Slow Med Fast
Drum Speed

—=CW == CCW

FIGURE 5

E2 knob rotation speed (°/s) when viewing three drum speeds in

the clockwise ("CW") and counter-clockwise ("CCW") directions. Error
bars represent 95% confidence intervals for the analysis.

3.1 Methods

3.1.1 Apparatus
3.1.1.1 VR headset

An Oculus Rift DK2 VR headset provided a 110° diagonal visual
angle, a native resolution of 960 x 1,080 pixels per eye, and a 75 Hz
refresh rate. The left- and right-eye displays presented the same
image at different perspectives, promoting a 3D perception of the
stimuli. Other apparatus used were the knob and computer, as in E1.

3.1.2 Stimuli and design

The graphics display presented in the VR headset simulated a
drum with a 200-cm diameter, as shown in Figure 4. When wearing
the VR headset, the observer’s viewpoint was set to the center of the
virtual drum. The participant’s body was aligned vertically with the
cylinder and the stripes. Each stripe in the display corresponded to a
width of 33 cm in the virtual graphics environment and subtended a
horizontal visual angle of 10.85" at a virtual viewing distance of
100 cm. The vertical stripe pattern that was presented on the VR
display moved in the CW or CCW directions at one of the three
distinct speeds, 37.5°/s (“slow”), 56.25°/s (“medium”), and 75°/s
(“fast”), resulting in six conditions. These speeds were chosen
based on pilot tests from Kirollos and Herdman (2021) and
replicate speeds used for experiments in that work.

The six conditions were presented six times each, totaling
36 trials that were presented in a random order to each
participant. The 36 trials were split across four blocks (nine
randomized trials per block). Each block lasted approximately
5 min and was followed by a 5-min break. The experiment lasted
a total of 30 min.

3.1.3 Procedure

The participants laid supine in a dark room with their heads
pitched forward on the 30" wedge pillow, as in El. Once the
participants were ready, the display was adjusted in the VR
headset such that they were positioned in the center of the drum
with the vertical lines of the drum being parallel to their body axis.
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FIGURE 6

E2 vection duration (s) when viewing the three drum speeds
(slow, medium, and fast) in the clockwise ("CW") and counter-
clockwise ("CCW?") directions. Error bars represent 95% confidence
intervals for the analysis.

The VR headset display was mirrored on a monitor for the
experimenter to have the same view as the participant. The
participants observed 3-5 practice trials and rotated the knob at
the speed, in the direction, and for the duration they experienced
visual vection to become familiarized with the VR headset, stimulus,
task, and potentiometer knob before the experiment began.

3.2 Results

Vection speed and duration were analyzed in separate 3 (drum
speed: 37.5°/s vs. 56.25°/s vs. 75°/s) by 2 (direction: CW vs. CCW)
repeated measures ANOVA. Post hoc comparisons were made using
95% confidence intervals (Jarmasz and Hollands, 2009).

3.2.1 Vection speed

Vection speed data are shown in Figure 5. There was a
significant main effect of drum speed, F(2, 18) = 4.96, p < .05,
and R* = 0.36, where faster drum speeds resulted in faster knob
rotations. There was no significant main effect of direction (F < 1) on
the knob rotation speed and no significant interaction between the
drum speed and direction (F < 1) on the knob rotation speed. As
shown in Figure 5, 95% confidence intervals indicated a significant
difference between slow-fast and medium-fast conditions in the
CW direction. In the CCW direction, there was a difference between
all drum speed conditions.

3.2.2 Vection duration

Vection duration data are shown in Figure 6. There was a
significant main effect for drum speed on vection duration, F(2,
18) = 4.98, p < .05, and R*> = .36. The 95% confidence intervals
indicated that there was a significant difference between the
slow-medium and slow-fast conditions in the CW direction.
There was a significant difference for slow-fast and medium-fast
conditions in the CCW direction. There were no observed
interaction effects between the drum speed and direction (F < 1).
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FIGURE 7
“Xbox 360 Controller” by Benjamin (2008). Licensed under
CC BY-SA 2.0.

3.3 Discussion

E2 showed that participants experienced visually induced
vection when viewing a rotating virtual drum. As found
previously, a faster drum speed resulted in faster and longer
vection in E2 (Melcher and Henn, 1981; Palmisano and Gillam,
1998; Owens et al., 2018; Bos et al., 2019; Kirollos and Herdman,
2021). The results from E1 and E2 helped ensure that participants
would perceive self-rotation in both the vestibular and visual
modalities in E4.

4 Ex_geriment 3: matching visual and
vestibular vection speeds

The objective of E3 was to determine an approximately equal
vection speed across the visual and vestibular modalities for each
participant. This was to ensure that both visual and vestibular cues
were perceived as equal in speed and, therefore, reliable when used
in E4. In the current experiment, the participants from El1 and
E2 underwent a vestibular-visual vection speed-matching task using
the method of adjustment (Gescheider, 1997).

4.1 Methods

4.1.1 Apparatus, stimuli, and procedure

The ICS 200 Air Caloric Irrigator was set to 18°C and 10 L/
min. One CVS trial was performed on each participant in either
the left or right ear randomly while in the supine posture with
their heads pitched forward at 30° on the wedge pillow. The
irrigation lasted 90-180 s depending on when the participants
reported vection, which they described to the experimenter
verbally. The participants were instructed to monitor and
remember the speed of vestibular vection from CVS while
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Means of the visual display speed that best represented each
participant’s vestibular vection experience in °/s. Error bars represent
standard deviations.

their eyes were closed. The participants were then given a 10-min
break.

After the CVS trial and follow-on break, the participants wore
the VR headset and observed the optokinetic drum. The drum
rotated in the CW or CCW directions 18 times each, totaling
36 trials. The participants were tasked with identifying a visual
vection speed that best matched their vestibular vection speed from
the CVS trial. Although the method used herein relies on
participants remembering the stimulus, the participants were
familiar with the process and experience of vestibular vection
from El. Thus, we anticipated participants could accurately
perform this task, given the instructions and their previous
experience with the stimuli from El. Speeds of the drum varied
from 20° to 350°/s randomly across trials. An Xbox 360 controller
was used by the participant for them to select the visual drum speed
that produced visual vection most similar to vestibular vection
experienced during the caloric irrigation trial, as shown in
Figure 7. The participants were instructed to use the left and
right shoulder buttons of the Xbox 360 controller on each of the
36 trials to slow down (left shoulder button) or speed up (right
shoulder button) the optokinetic drum by speed increments of 5°/s
on each trial until they matched it to the vestibular vection speed
experienced. When the participants identified the visual display that
induced vection at the same speed experienced during CVS, they
pressed the “A” button on the Xbox controller to log their response,
ending the trial. The participants could only select a visual speed
after a 10-s onset to ensure they experienced visual vection because
the visual vection onset typically requires a few seconds to
experience (Allison et al, 2012; Weech and Troje, 2017). The
36 trials were evenly split over four blocks each containing nine
trials. Each block was separated by 5-min breaks to limit potential
cybersickness. The experiment lasted approximately 45 min.

4.2 Results and discussion
Participants’ mean visual vection speed matching their

vestibular vection speed is shown in Figure 8. There was little
within-subjects variability as the error bars representing standard
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deviations in Figure 8 indicate, implying that the participants were
reasonably sure of the speed at which they felt they were moving
during vestibular vection trials. The results highlight the substantial
between-subjects variability in perceived self-rotation perception by
air caloric vestibular stimulation, emphasizing the importance of
performing the present experiment as visual-vestibular vection
matching is experienced differently between individuals. The
mean visual speeds for each participant obtained in this
experiment were used as the preset visual display speed for that
specific participant in E4. Vection after-effects were presumed to be
negligible because of the random trial direction that should have
cancelled out any such effects.

5 Experiment 4: self-motion perception
during congruent and incongruent
cues presented in the visual and
vestibular modalities simultaneously

The main experiment in this study was E4. Based on the
E3 results, we assumed that participants would perceive both
visual and vestibular cues as equally reliable in E4 as their speeds
were made similar. The goal of E4 was to determine how self-motion
is decided when visual and vestibular signals are in conflict but
approximately equal in terms of reliability. In the current
experiment, the average visual vection speed each participant
selected in E3 was set as the drum speed for that participant.
There was a congruent condition and an incongruent condition.
In the congruent condition, vection was signaled in the same
In the
incongruent condition, vection was signaled in the opposite

direction in the visual and vestibular modalities.
direction in the visual and vestibular modalities.

We hypothesized that the participants would experience faster
and longer vection in the congruent condition than in the
hypothesized that the
participants would use visual and vestibular cues approximately

incongruent condition. We also
equally to judge their vection direction in the incongruent condition
consistent with the optimal cue integration hypothesis (Fetsch et al.,
2012). However, it was not clear how cue reliability might be
expressed in our experiment using the potentiometer knob. For
instance, it was possible that participants use the visual direction in
one half and vestibular motion in the other half of incongruent trials.
In addition, cue reliability in the incongruent condition could have
resulted in vection cancelling out and participants not turning the
knob. We did not anticipate that visual cues or vestibular cues would
dominate a large majority of the incongruent condition directions as
this would be inconsistent with the optimal cue integration
hypothesis literature.

5.1 Methods

5.1.1 Apparatus and stimuli

The apparatus used were the Oculus VR headset, the ICS 200 Air
Caloric Irrigator, and the potentiometer knob from E1 and E2. The
vestibular stimulus was 18°C air caloric irrigation administered at
10 L/min. The Oculus DK2 device was used to present the
optokinetic drum to the participant. The experimenter set the

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2023.1253155

Kirollos and Herdman

10.3389/frvir.2023.1253155

TABLE 1 Vection direction frequency counts during congruent and incongruent conditions by trials across participants in E4.

Congruent (visual +

vestibular) vection)

Incongruent (direction consistent with visual

Incongruent (direction consistent with vestibular
vection)

Incongruent trials are split into responses consistent with the visual vection direction and responses consistent with the vestibular vection direction.

speed of the visual display for each participant at the start of the
experiment based on the participant’s mean drum speed obtained in
E3. Each participant underwent two congruent trials and two
incongruent trials. Left- and right-ear irrigations were alternated
across trials, and the congruent and incongruent conditions were
counter-balanced, as in El. The participants were naive as to
whether they were in a congruent or incongruent trial.

5.1.2 Procedure

The procedure was identical to that in El (Section 2.1.4).
However, when the participants verbally reported the direction of
vestibular vection, the experimenter set the motion of the virtual
drum in either the direction congruent with participant’s reported
vestibular vection direction or opposite to the direction of their
vestibular vection based on whether the participant was in a
congruent or incongruent condition. The participants opened
their eyes and viewed the moving drum in the VR headset and
rotated the knob in the direction and at the speed at which they felt
they were moving. The experiment lasted approximately 90 min.

5.2 Results

Exactly equal numbers of visual and vestibular direction
reports were found in the 16 incongruent trials. Vection speed
and duration data were analyzed with four within-subjects t-tests.
The first two t-tests compared congruent vs. incongruent
responses for speed and duration data, respectively, to
determine if the vection speed and duration were different.
The third and fourth t-tests compared visual vs. vestibular
responses for speed and duration, respectively, to determine if
one modality yielded different vection results.

5.2.1 Vection direction

Two of the 10 participants did not experience vestibular
vection and were, therefore, excluded from the analysis. Each
of the remaining eight participants completed four trials: two
congruent and two incongruent trials. This totaled 32 trials in the
experiment: 16 congruent trials and 16 incongruent trials. Self-
rotation was reported on 31 of the 32 trials (97%): one congruent
trial did not yield a response by a participant. The vection
direction data are summarized in Table 1. In the incongruent
condition, the participants reported vection in the direction
indicated by vestibular stimulation on eight trials and reported
vection in the visual direction on the remaining eight trials. Of
the eight participants, three reported vection consistent with the
visual cues for vection on both incongruent trials and three
reported vection consistent with the vestibular cues for vection
on both incongruent trials. The two remaining participants
experienced vection consistent with the visual direction of
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vection in one trial and based on the vestibular direction of
motion in the other trial.

5.2.2 Vection speed

A within-subjects t-test for speed for the congruent (M = 177.3,
SD = 145.5) vs. incongruent (M = 164.6, SD = 152) condition
revealed no significant difference, t(7) = 5.70, and p = .587. The
within-subjects ¢-test for vection speed responses in the incongruent
condition, comparing the visual vection direction (M = 137.2, SD =
95.7) to vestibular vection direction (M = 147.8, SD = 190.5),
indicated no significant difference, t(4) = -0.176, and p = .869.

5.2.3 Vection duration

A within-subjects t-test for duration (s) for the congruent (M =
99.3, SD = 34.2) vs. incongruent (M = 82.9, SD = 35.8) condition
revealed no significant difference, t(7) = 1.194, and p = 271. A
within-subjects t-test for vection duration responses in the
incongruent condition, comparing the visual vection direction
(M = 91.2, SD = 31.5) to vestibular vection direction (M = 69,
SD = 45.7), indicated no significant difference, t(4) = 1.010,
and p = .37.

5.3 Discussion

5.3.1 Vection direction

The objective of E4 was to determine the self-motion direction
when the visual and vestibular systems received cues that are in
conflict but approximately equally reliable. The results for the
incongruent condition showed that three participants used visual
cues to indicate self-motion, three participants used vestibular cues,
and the remaining two participants used visual cues on one
incongruent trial and vestibular cues on the other incongruent
trial. Therefore, visual and vestibular self-motion were split
evenly across trials and participants.

5.3.2 Vection speed and duration

We predicted that the vection speed and duration would be
slower in the incongruent condition than in the congruent
condition. Slower and shorter vection would be consistent with
our previous findings wherein vestibular vection from CVS was
experienced during the visual-vestibular conflict when showing a
stationary visual display compared to when there is no conflicting
visual display (Kirollos and Herdman, 2023). However, there were
no significant differences for the vection speed and duration in the
congruent and incongruent conditions of the current experiment. In
this experiment, both the visual and vestibular cues signaled vection.
This is in contrast to our previous experiment, in which the visual
display did not signal vection but the vestibular stimulus did
(Kirollos and Herdman, 2023). It could be the case that the

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2023.1253155

Kirollos and Herdman

stationary display in Kirollos and Herdman (2023) was a) easier to
perceive as conflicting than the incongruent condition in the present
study and/or b) the stationary display acted as a reference to
attenuate fixations and vection. Moreover, the findings here may
come as a result of the smaller sample size compared to that of
Kirollos and Herdman (2023).

We also compared the vection speed and duration in the
incongruent responses, categorizing responses by whether the
participant vection direction was consistent with the visual or
vestibular cues. We did not predict that there would be
significant differences between the visual and vestibular speeds
and durations because visual and vestibular speeds were set to be
approximately equal. The results were consistent with this
prediction.

6 General discussion
6.1 Summary and interpretation of findings

The goal of the present study was to examine how a
visual-vestibular conflict is resolved during perceived self-motion.
Sixteen participants were tested over the span of 10 weeks. Of these
16 participants, three participants were removed because they did
not sense vestibular vection and additional three participants were
removed because they experienced discomfort and did not wish to
continue in E1. An additional two participants were removed in
E4 because they did not sense vestibular vection.

In E1, vestibular vection was induced with CVS. Vestibular
vection direction, speed, and duration were measured with the
potentiometer knob. Long vestibular vection durations were
observed, replicating the findings from Kirollos and Herdman
(2023). However, vection direction findings did not replicate
those in our previous study. In E2, a virtual optokinetic drum
was used to induce and record visual vection in a VR headset. As
in Kirollos and Herdman (2021), virtual drum speeds significantly
impacted visual vection speeds. In E3, the goal was to identify
vection speeds for the visual and vestibular systems that were
approximately equal for each participant with the method of
adjustment. Visual vection speeds from E3 for each participant
were then used in E4.

The results from E4 showed that visual cues were used for
deciding self-motion on one half of the trials and that vestibular
cues were used in the other half of the trials. Therefore, there was
no evidence for either visual or vestibular dominance. The results
are most consistent with the optimal cue integration hypothesis,
where it was predicted that participants would use the most reliable
cue (visual or vestibular) in each trial to determine the self-motion
direction. The equal number of responses indicating visual and
vestibular cue reliance suggests that the cue matching from
E3 successfully attained equal speeds of vection, as intended.
The visual and vestibular vection speeds in the incongruent
condition in E4 were not significantly different from each other,
demonstrating that vection speeds were approximately equal
across modalities.

Although not significant, vection speed was the fastest in the
congruent condition and slowest in the visual incongruent
condition. These data follow a trend consistent with the
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results in Kirollos and Herdman (2023): vection is faster
when there is no visual-vestibular conflict and suggests that
visual and vestibular dominance hypotheses cannot explain the
results.

6.2 Relationship of findings to the relevant
behavioral optimal cue integration literature

In a study on heading perception by Fetsch et al. (2009), cue
reliability was directly manipulated. Fetsch et al. looked at the
heading responses during a conflict with varying levels of
coherence or cue reliability, where coherence was changed every
trial. They found that heading responses were mediated by the level
of coherence of the visual display. Therefore, the more coherent
the visual display, the more heading reports were based on the
visual stimulus-heading direction. The less coherent the visual
display, the more the vestibular heading direction was relied
upon across trials. These findings demonstrate that cue reliability
is a representation of the strength of a cue. In Fetsch et al. (2009),
reliability and, therefore, stimulus strength were mediated by
manipulating the coherence of the elements in the optic flow
display. In E4 of the current study, reliability was modulated by
setting the speed to be perceptually equal across the visual and
vestibular systems in all trials. The results from our current study
extend findings by Fetsch et al. (2009) and others on the optimal
cue integration hypothesis as they indicate that when reliability
or strength is characterized by the speed of the stimuli and those
speeds are approximately equal, visual and vestibular cues are
used to decide the self-motion direction equally, represented by
the direction frequency count.

6.3 Relationship of findings to the relevant
neuroimaging literature

Debate regarding visual dominance, vestibular dominance,
and optimal cue integration can analogously be found in the
neuroimaging literature. A brain imaging study by positron
emission topography by Brandt et al. (1998) found that during
a conflict generated from visual vection, metabolic activity in
vestibular cortical-processing regions such as the insula becomes
inhibited. Brandt and colleagues reported that activity in visual
cortical regions increased significantly during visual vection. The
authors suggested that these results provide neurophysiological
support for visual dominance hypotheses for resolving a conflict
during vection. Nishiike et al. (2002) used a brain-imaging
method called magnetoencephalography during visual vection
displays and showed that both vestibular and visual regions
became more active during vection. Therefore, the findings
from Brandt et al. and Nishiike et al. appear to contradict one
another. In a functional magnetic resonance imaging study,
Kirollos et al. (2017) found that vestibular regions called the
posterior insular cortex (PIC) and parieto-insular vestibular
cortex (PIVC) became active during high-conflict visual
displays inducing vection but not low-conflict visual displays
inducing vection, potentially explaining the difference between
the findings of Brandt et al. and Nishiike et al. In Kirollos et al.
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(2017), high-conflict displays simulated forward vection with an
up-down oscillation component, thereby creating a sustained
visual-vestibular conflict throughout the display presentation.
Low-conflict displays simulated smooth forward vection and
therefore did not create a continuous visual-vestibular
Frank et al. (2016) showed that PIC activity
correlated with both visual and vestibular stimulation, whereas

conflict.

PIVC activity correlated with vestibular self-motion stimuli only.
The results from Kirollos et al. agree with those of Nishiike et al.
and Frank et al. (2016) as they all show that some vestibular
processing areas (PIC and/or PIVC) become active during visual
vection processing. These findings are consistent with the
behavioral findings from E4 that showed that during conflict,
the visual and vestibular cues are used to determine the self-
motion direction [see Frank and Greenlee. (2018) for a review of
visual-vestibular cortical interaction during conflict]. These
findings are also consistent with a cybersickness study (Weech
et al., 2018; Weech et al,, 2020), indicating that unreliable
vestibular signals result in a sensory down-weighting of
vestibular cue reliability, producing a less sensory conflict and,
therefore, less sickness. The vection literature also provides
examples of sensory down-weighting of unreliable vestibular
cues (Cress et al., 1997; Gallagher et al., 2020).

In summary, the findings of the present study were consistent
with the neuroimaging results, showing that both visual and
vestibular systems and their neural correlates are involved in
processing and deciding the self-motion direction rather than
cortical areas associated with one system becoming inhibited. It
was unclear whether vestibular dominance or optimal cue
integration explained the results during a conflict, where the
visual display signaled no motion in Kirollos and Herdman
(2023) as the visual cue signaled no motion but the vestibular
cue did. However, in the present study, E4 showed that when the
visual stimulus is matched for the vection speed to the vestibular
stimulus, both visual and vestibular systems are used to determine
self-motion equally.

7 Conclusions, future work, and
applications

Converging evidence from our study, recent optimal cue

integration findings, and adjacent literature reports on
neuroimaging and motion sickness appear to oppose dominance
hypotheses. Our research has demonstrated the ability to produce
circular vection using CVS. However, the use of monaural CVS
presents variability and proved to be a less-specific stimulus to
isolate self-motion perception in horizontal SCC than expected. For
instance, a limitation to our findings is that El results were
inconsistent with the expected vestibular vection direction from
our previous study and eye movement data (Jacobson, 1993; Kirollos
and Herdman, 2023). Future research should replicate methods used

herein using binaural CVS, stimulating one ear with cool air and the
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other ear with warm air simultaneously to produce more consistent
vestibular vection in the yaw-axis with a larger sample. Future
research can also record eye movements during CVS to correlate
vection speed from the knob data with nystagmus data and compare
it to visual vection eye movement data. Adding binaural CVS and
eye movement recording can provide a more robust testbed to
replicate and expand on the current findings. Finally, altering caloric
vestibular irrigation air temperatures can help identify the
correlation between the temperature speed and perceived CVS,
and can produce a broader range of vestibular vection for
applications requiring it, such as spatial disorientation training
for aviators.
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