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Abstract

The present study investigates how the field of view (central vs. peripheral stimulation) and the spatial reference
frame of the visual content (head-referenced vs. gravity-referenced) jointly influence vection strength, subjective
presence, and visually induced motion sickness (VIMS) in immersive virtual reality (VR). Thirty-eight
participants, pre-screened for VIMS susceptibility, experienced four experimental conditions combining these
factors. During eight-minute trials, participants performed cyclical head roll tilts while being exposed to optic flow
composed of expanding frames and provided continuous vection ratings. VIMS was assessed using the MISC
rating during exposure, as well as the SSQ and MSAQ questionnaires before and after exposure. Results revealed
a significant Reference Frame x Field of View interaction on vection: peripheral stimulation enhanced vection
relative to central stimulation in the head-referenced visual framing, whereas this advantage was reversed in
gravity-referenced framing, where central stimulation elicited stronger vection responses. The vection—presence
relationship was strongest in the head-referenced condition but did not reach significance under gravity-referenced
central stimulation. Cluster analysis identified two vection sensitivity profiles (high vs. low), which differentially
modulated VIMS outcomes. In high-sensitive individuals, gravity-referenced framing substantially attenuated
discomfort accumulation and post-exposure symptom severity, while peripheral stimulation accelerated symptom
onset. In low-sensitive individuals, reference frame effects were absent, and only peripheral stimulation exerted a
modest adverse effect on discomfort. These findings support a susceptibility-dependent model of VIMS in which
the reference frame constitutes an effective mitigation lever primarily for vection-prone individuals, with direct

implications for the design of adaptive and ergonomically optimized VR environments.
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1. Introduction

The past decade has been characterized by remarkable advancements in virtual reality (VR) technology, driven by
substantial improvements in display resolution, system latency, refresh rates, and expanded fields of view (FoV)
(Cipresso et al., 2018). These technological refinements have profoundly enhanced immersion and presence
(Anthes et al., 2016), enabling users to experience increasingly compelling simulations of self-motion and
environmental interactions. However, as visual realism increases, so does the occurrence of cybersickness - a
constellation of symptoms including nausea, disorientation, dizziness, and oculomotor strain - which remains a

major obstacle to the widespread adoption of VR systems (Allison and Palmisano, 2025; Weech et al., 2019).

A key challenge of immersive VR design is to elicit compelling vection, defined as the illusory perception of self-
motion induced by visual stimulation in a physically stationary observer (Dizmen and So, 2023; Kuiper et al.,
2019). Vection plays a central role in ecological validity of VR contents: without a convincing sensation of self-
motion, most immersive experiences lack realism and engagement (Riecke et al., 2004). However, the extent to
which the emergence of vection contributes to cybersickness and VR discomfort remains unclear. In this article,
we will hereafter refer to Visually Induced Motion Sickness (VIMS) as VR discomfort generated by dynamic

visual content and optic flow.

While several studies report positive correlations between vection strength and VIMS severity (Diels et al., 2007;
Hettinger et al., 1990; Keshavarz et al., 2015; Moss and Muth, 2011; Palmisano et al., 2007), other findings
demonstrate that robust vection can occur in the absence of substantial VIMS, or that VIMS may arise even when
vection is weak (Kuiper et al., 2019; Palmisano et al., 2017; Webb and Griffin, 2003). Moreover, abrupt changes
in vection strength - rather than sustained vection magnitude alone - have been shown to exacerbate VIMS (Bonato
et al., 2008). Prolonged vection exposure can also induce symptoms ranging from mild uneasiness to severe nausea
and vomiting (Kennedy et al., 2010; Laessoe et al., 2023). Together, these findings suggest that vection is neither
a necessary nor a sufficient condition for VIMS. Instead, vection and VIMS appear to share partially overlapping
mechanisms while remaining functionally dissociable. It may therefore be valuable to re-examine the relationship
between vection and VIMS by systematically considering the primary factors that influence visually induced self-

motion perception.

Here, we will focus on two broad classes of visual parameters on vection elicitation. The first concerns the spatial
distribution and dynamics of visual stimulation: peripheral visual stimulation is particularly potent in self-motion
perception (Berthoz et al., 1975; Brandt et al., 1973), and this effect is further amplified by stimulus velocity
(Keshavarz et al., 2019; Nakamura and Shimojo, 1999), prolonged exposure (Seno et al., 2018), and accelerating
optic flow patterns that generate compelling depth vection (Palmisano et al., 2008). The second concerns the
structural organization of the visual scene (Bringoux et al., 2009; Park and Koo, 2025). The spatial coherence of
environmental cues, such as the inclusion of 3-D geometrical features and meaningful polarized objects, has been
shown to increase the inductive power of visual surroundings (Bringoux et al., 2009; Cian et al., 2001).
Furthermore, the stability of reference frames - specifically the presence of world-stationary "rest frames" (Cao et

al., 2018; Prothero et al., 1999) - and the degree to which the scene provides reliable anchoring information, such
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as an Independent Visual Background (IVB; Allison and Palmisano, 2025), significantly shape how the brain
processes visual inputs. These factors determine whether the visual system interprets retinal motion as self-motion
(scene or background motion) rather than object motion (foreground motion), a distinction that is fundamental to

the experience of compelling vection (Dizmen and So, 2023; Kuiper et al., 2019; Péhlmann et al., 2022).

Crucially, these same parameters also exert significant, although different effects on VIMS. The spatial distribution
of visual stimulation - and in particular the dominance of peripheral optic flow - is known to destabilize postural
and perceptual reference systems, with peripheral-only stimulation producing stronger autonomic symptoms and
postural instability than central stimulation (Kim and Kim, 2019). Restricting peripheral stimulation through
vignetting reliably attenuates VIMS (Allison and Palmisano, 2025), while even limited peripheral motion cues
remain sufficient to elicit vection (Dizmen and So, 2023). Together, these findings suggest that the peripheral
visual field plays a prominent role in driving discomfort relative to its contribution to self-motion perception itself.
Similarly, the structural organization of the scene influences VIMS through mechanisms distinct from those
governing vection intensity: the presence of stable rest frames or IVB provides spatial anchoring cues that mitigate
discomfort (Allison and Palmisano, 2025; Cao et al., 2018), visually rich three-dimensional environments exert
stronger influence on perceived verticality than sparse scenes (Bringoux et al., 2009), and certain motion axes -

such as illusory rotations - prove more provocative than linear expansions (P6hlmann et al., 2022).

Taken together, these observations challenge conventional accounts of the relationship between vection and VIMS.
Rather than conceptualizing VIMS as a direct byproduct of vection strength, we propose that discomfort emerges
when visual motion cues generate inconsistencies between spatial reference frames that the nervous system fails
to reconcile into a stable representation of self-motion (Bos and Bles, 1998). Within this perspective, visual
manipulations may simultaneously enhance vection and provoke VIMS, not because one phenomenon necessarily
causes the other, but because both depend on how the spatial structure of the visual environment interacts with
perceptual and postural reference systems. The balance between compelling self-motion perception and discomfort
may therefore depend on the extent to which visual stimulation preserves, destabilizes, or reconfigures the dynamic

stability of spatial reference frames over time.

Building on this framework, the present study investigates how visual stimulation zones (central vs. peripheral)
and spatial anchoring cues within the visual environment jointly influence vection and VIMS. More specifically,
we test the hypotheses that (1) peripheral-dominant stimulation will enhance vection strength relative to central-
dominant stimulation; (2) peripheral-dominant stimulation will increase VIMS severity by affecting spatial
reference integration, likely due to the neurophysiological properties of the visual system; and (3) stable spatial
anchoring cues, such as independent visual backgrounds, will attenuate VIMS by reinforcing reference frame

stability, without diminishing vection.

2. Materials and Methods

2.1. Population

Sixty-six participants (31 females, 35 males; mean age: 20.0 + 1.4 years) were recruited through an online

questionnaire. Participants were asked to provide their age, gender, and to report any history of vestibular
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disorders. Susceptibility to visually induced motion sickness (VIMS) was assessed using the Visually Induced
Motion Sickness Susceptibility Questionnaire (VIMSSQ; Keshavarz et al., 2023). Inclusion criteria were based on
VIMSSQ scores. Specifically, a susceptibility threshold corresponding to the 25th percentile of the normative
distribution reported by Keshavarz et al. (2023) was applied, and only participants with a VIMSSQ score < 9.17
were included. The study was conducted in accordance with the ethical principles outlined in the Declaration of
Helsinki (1964) and received approval from the relevant national ethics committee (CERSTAPS: IRB Agreement
No. 00012476-2025-26-10-442). Prior to participation, all participants provided written informed consent, having
been fully informed of the voluntary nature of their participation and their right to withdraw at any time without

consequence.

2.2. Apparatus

Immersive visual environments, developed in Unity by the Mediterranecan Virtual Reality Center (CRVM,
Marseille), were displayed using a Meta Quest Pro® head-mounted display (HMD). The HMD provided a field of
view of 106° horizontally and 96° vertically, with a resolution of 1800 x 1920 pixels per eye and a refresh rate of
90 Hz. Head motion and gaze position were continuously recorded using the integrated inertial and eye-tracking
sensors. Vection strength was continuously assessed through joystick input, with anteroposterior deflection

linearly mapped to self-reported vection intensity. All data streams were sampled at 90 Hz.

2.3. Experimental Conditions, Design, and Procedure

2.3.1. Visual Stimulation

Participants were exposed to an anteroposterior translational optic flow consisting of expanding white rectangular
frames against a black background, simulating forward self-motion at a constant velocity of 6 m/s (So et al., 2001).
Four visual conditions were defined by the factorial combination of two independent variables: Reference Frame,
defined by the orientation of the expanding visual frames with respect to the participant or the external environment
(head-referenced vs. gravity-referenced) and stimulated Field of View (central vs. peripheral). The central visual
field was defined as the region extending +10 deg from the cyclopean eye, whereas the peripheral visual field
comprised the area beyond +10 deg up to the limits of the display. This yielded the following conditions: Head-
ref/Peripheral, Head-ref/Central, Gravity-ref/Peripheral, and Gravity-ref/Central (Fig. 1).

2.3.2. Experimental Design and Task

A fully within-subjects design was employed, such that each participant was exposed to all four visual conditions
across two separate sessions. Throughout each VR exposure, participants were instructed to maintain their gaze
straight ahead while performing continuous cyclical head tilts in the roll plane, alternating between leftward and
rightward movements. Head movements were guided by two concurrent auditory signals: a metronome tone cuing
a target half-cycle frequency of 0.4 Hz - a frequency known to reliably elicit VIMS (Bos and Bles, 1998; O’Hanlon
and McCauley, 1974) - and a feedback tone triggered automatically whenever tilt amplitude exceeded £20 deg,
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indicating the required reversal point. Participants were instructed to synchronize their movements with both
signals to maintain the prescribed amplitude and rhythm throughout the exposure. Compliance was monitored

continuously by the experimenter.
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Fig. 1 Experimental design and procedure

Note. (a) Schematic representation of the experimental conditions, highlighting the different visual displays
anchored to the head displacement (upper frames) or the external environment (lower frames) (b) Timeline of the
experimental protocol. Participants completed all experimental conditions across two testing days. The order of

conditions was counterbalanced both within and between testing days.

2.3.3. Procedure

Participants completed two experimental sessions separated by a minimum of 24 hours. Each session comprised
two visual conditions, with a mandatory rest period of at least 30 minutes between conditions, or until full
symptomatic recovery was achieved. Condition order was counterbalanced across participants. Upon arrival at
each session, participants completed the Motion Sickness Assessment Questionnaire (Gianaros et al., 2010) and
the French-validated version of the Simulator Sickness Questionnaire (Bouchard et al., 2009) to establish pre-
exposure baseline measures. They were then familiarized with the Misery Scale (MISC, Bos et al., 2005), an 11-
point ordinal scale ranging from 0 ("No problems") to 10 ("Vomiting"). A brief practice phase (~5 minutes)
allowed participants to familiarize themselves with the head-tilt task and the joystick-based vection rating

procedure.

Each VR exposure lasted up to eight minutes, during which participants performed the head-tilt task while
providing continuous joystick-based vection ratings. MISC scores were collected verbally at one-minute intervals
throughout exposure and during the subsequent recovery period. Exposure was terminated early either at the
participant's request or if the MISC score exceeded 4. Post-exposure monitoring continued until either two
consecutive MISC scores of 0 were recorded or 10 minutes had elapsed. A score of 0 was required before initiating

any subsequent condition.



211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

Following each exposure, participants completed the SSQ and MSAQ to quantify VIMS severity, the Igroup
Presence Questionnaire (IPQ; Schubert et al., 2001) to assess subjective sense of presence, and the French version

of the NASA Task Load Index (Cegarra and Morgado, 2009) to evaluate perceived workload.

2.4. Data Reduction and Statistical Analysis

VIMS was indexed by three complementary measures, each selected to capture a distinct dimension of the
symptomatic response. The MISC was employed as a continuous, time-resolved index of overall discomfort
throughout immersion, enabling dynamic tracking of symptom onset and progression. The MSAQ was chosen for
its sensitivity to motion sickness specifically elicited by active head movements, rendering it particularly
appropriate given the cyclical roll-plane head tilts performed by participants. The SSQ was included on account
of'its established relevance to simulator- and VR-induced sickness, making it especially suited to contexts in which
a stationary observer is exposed to dynamic optic flow - precisely the condition under investigation here. Both the
MSAQ and SSQ were administered pre- and post-exposure to quantify symptoms changes. Continuous vection
ratings were derived from the joystick position time series. Presence and workload were assessed post-exposure
via the IPQ and NASA-TLX, respectively. Head-tilt task performance was characterized by mean oscillation
frequency and mean reversal amplitude. Gaze behavior was quantified by computing (i) gaze compliance, defined
as the proportion of time gaze remained within £2° of the mean fixation direction, and (ii) gaze position variability
across exposure.

All kinematic, oculomotor, and joystick data were acquired at 90 Hz. Preprocessing and statistical analyses were
performed in MATLAB and RStudio. Linear mixed models (LMMs) were used to assess the effects of Reference
Frame (RF: head-referenced vs. gravity-referenced), Field of View (FoV: central vs. peripheral), and, when
applicable, Time (pre vs. post) or continuous exposure duration (minute-by-minute) on all dependent variables,
including VIMS scores (MISC, MSAQ, SSQ), vection, presence (IPQ), perceived workload (NASA-TLX), and
behavioral measures (gaze and head tilt). Participant was included as a random intercept in all models; random
slopes for Time or minute were added where appropriate to account for within-subject temporal variability. Fixed-
effect estimates, 95% confidence intervals, and p-values were derived using Wald t-distribution approximations.
Model fit was characterized by marginal R? (variance explained by fixed effects) and conditional R? (total variance
explained including random effects). Model assumptions were evaluated by visual inspection of residual
distributions and residual-versus-fitted plots. Significant main effects and interactions were followed by post-hoc

pairwise comparisons with appropriate corrections.

3. Results

From the 66 individuals who responded to the online screening questionnaire, 27 were excluded prior to enrolment
for the following reasons: 3 presented pre-existing vestibular disorders, 15 did not meet the minimum susceptibility
threshold on VIMSSQ (score < 9.17), and 9 could not be scheduled due to availability constraints. The remaining
39 participants were enrolled and completed all experimental conditions. Data from one participant were

subsequently excluded due to a technical failure of the VR headset recording system during data acquisition,
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resulting in a final sample of 38 participants. No participant discontinued any experimental condition prematurely;
all completed the full 8-minute exposure across the four conditions.

The final sample comprised 38 young adults (see descriptive statistics in Table 1). The mean VIMSSQ score was
33.8 + 16.4, corresponding approximately to the 65th percentile of the normative distribution (Keshavarz et al.,

2023).

Table 1: Descriptive characteristics of the study sample

Characteristic N=38
Gender
Female 17 (44.7%)
Male 21 (55.3%)
Age 21.7+3.5|18-31
VIMSSQ
Q1 0 (0%)
Q2 11 (28.9%)
Q3 17 (44.8%)
Q4 10 (26.3%)

N (%); Mean %= SD | Min - Max

Note. Quartile boundaries are derived from the normative distribution of the general population (Keshavarz et al.,
2023). Only participants scoring above the 25th percentile (Q1 upper bound: score > 9.17), were eligible for

inclusion. Q1 is therefore not represented in the sample.

The results were organized as follows. We first examined potential confounding factors to establish that observed
differences across conditions reflected genuine perceptual and physiological responses rather than variations in
task demand or compliance. We then assessed the effects of the experimental manipulations on subjective
presence, before turning to the core analyses of vection - where we characterized condition-level effects, identified
individual sensitivity profiles, and examined the relationship between vection and presence. Finally, we

investigated how these profiles modulated VIMS outcomes across the three assessment instruments.

3.1. Control factors

Before examining the primary outcomes of interest, we assessed whether the experimental conditions differed in
ways that could confound the interpretation of subsequent results. Specifically, we verified that head-tilt task
performance, perceived workload, and gaze behavior were not systematically affected by the visual manipulations.
Ruling out these potentials confounds ensures that observed differences in vection, presence, and VIMS can be

attributed more confidently to the experimental factors themselves.
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Fig. 2 Task compliance and performance metrics across experimental conditions

Note. (a) Mean head oscillation frequency (Hz), (b) mean head turnaround-point amplitude (absolute angular
displacement, degree), (c) mean NASA-TLX workload scores, (d) gaze direction compliance (percentage of time
gaze remained within £2° of the target direction), and (e) gaze direction variability (mean standard deviation,
degree) across the Head-ref and Gravity-ref reference frame conditions, shown separately for Peripheral (red) and
Central (blue) display types. Individual participant data are displayed as connected lines linking paired
observations across conditions. Markers represent condition means, and error bars indicate 95% confidence
intervals around the mean. Note the discontinuous y-axis in panels (a) and (b). Significance levels are indicated as

follows: * p < .05, *** p <.001.

Head-tilt task performance was consistent across conditions (Fig. 2.a & 2.b), with neither oscillation frequency
nor amplitude influenced by reference frame, field of view, or their interaction (all p > .131), confirming task

equivalence across the experimental design.

Perceived workload was similarly unaffected, with no significant effect of reference frame, field of view, or their
interaction on total NASA-TLX scores (all p > .088), indicating that the experimental conditions did not

differentially affect participants in terms of perceived effort or demand (Fig. 2.c).

Gaze behavior, by contrast, was substantially modulated by the experimental conditions (Fig. 2.d & 2.e).
Compliance and variability were both primarily driven by a significant RF % FoV interaction (both p <.001): the
Head-ref/Central condition yielded the highest compliance and lowest variability. To determine whether these

fluctuations carried any predictive weight over the primary outcomes, gaze compliance and variability were
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introduced as moderating variables of the RF x FoV effect on both vection and VIMS (Model 3) and compared
against a baseline model excluding these terms using AIC, marginal R? and likelihood ratio tests. These
comparisons consistently showed that adding gaze variables failed to improve model fit for vection strength, both
across the full sample (y*> = 0.097, p = .952) and within each sensitivity vection group (all p > .326) (see Section
3.3.2 for further details on the grouping procedure). The same pattern held for VIMS, where gaze moderators
systematically worsened model fit (AAIC ranging from -5 to -40) without reaching significance in any likelihood
ratio test (all p > .05). Gaze behavior therefore appears to be an epiphenomenon of the experimental manipulation

rather than a driving mechanism of the perceptual and comfort outcomes examined below.

3.2. Presence

Having established that the conditions were equivalent in terms of task demand and behavioral compliance, we
next examined whether the experimental manipulations produced differential levels of subjective presence. This
analysis was motivated by the well-established theoretical link between self-motion perception and immersive
experience: conditions that elicit stronger vection are generally expected to be experienced as more spatially
immersive. Assessing presence at this stage allows us to determine whether the experimental configurations had
perceptually meaningful consequences beyond vection itself and sets the stage for examining the vection-presence

relationship in Section 3.3.3.

The model for total IPQ presence score (Fig. 3.a) showed substantial explanatory power (conditional R? = 0.63;
marginal R? =0.08). Significant main effects of RF ( =-0.33, 95% CI [-0.59, -0.06], p=.016) and FoV (} =0.42,
95% CI [0.16, 0.69], p = .002) were observed, while the RF x FoV interaction was not significant (p = .629),
indicating that the contributions of reference frame and field of view to presence were additive rather than
contingent on one another. Head-referenced framing and peripheral stimulation were each independently

associated with higher presence ratings.

These effects were overall mirrored at the subscale level (Fig. 3.b). Significant main effects of RF and FoV were
observed for both General Presence (conditional R? = 0.56; marginal R? = 0.13) and Spatial Presence (conditional
R?=0.58; marginal R? = 0.08). The Involvement subscale (conditional R? = 0.53; marginal R? = 0.03) showed no
significant effects, suggesting that the observed presence modulations were primarily driven by spatial and

environmental dimensions of immersion rather than by attentional engagement.

Taken together, these findings confirm that reference frame and field of view exerted independent, additive effects
on subjective presence. The extent to which these presence differences co-varied with vection strength will be

examined in Section 3.3.3.

10
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Fig. 3 IPQ presence scores across experimental conditions

Note. In this context, positive factor scores represent participants who report higher levels of the underlying
presence component, while negative scores indicate lower-than-average levels of that component within the
sample. (a) Mean total IPQ scores for the Head-ref and Gravity-ref conditions, shown separately for Peripheral
(red) and Central (blue) display types. Individual participant scores are displayed as connected lines connecting
paired observations. Error bars represent 95% confidence intervals around the mean. (b) Radar plot depicting mean
scores for each of the three retained IPQ subscales - Spatial Presence, General presence, and Involvement - across
the four experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-
ref/Peripheral (dashed red), and Gravity-ref/Central (dashed blue). The Realism subscale was excluded from the
analysis as it was deemed not applicable to the virtual stimulation used in the present study. Significance levels

are indicated as follows: * p <.05, ** p <.01.

3.3. Vection

This section examined vection across three complementary analyses. We first assessed the effects of reference
frame and field of view on mean vection strength at the group level. Given the substantial inter-individual
variability observed in vection responses, we then applied a clustering approach to identify distinct sensitivity
profiles within the sample and examine whether condition effects replicated within each group. Finally, we
investigated the relationship between vection and presence, both across the full sample and separately for each

experimental condition, to determine whether this association was modulated by the visual configuration.
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3.3.1. Effects of reference frame and field of view on vection

The aim of this analysis (Fig. 4) was to determine how the two experimental factors - reference frame and field of
view - influenced mean vection strength, and whether their effects were independent or interactive. The model
exhibited substantial explanatory power (conditional R? = 0.64; marginal R?= 0.05). First, a significant main effect
of time was observed (B =0.02, 95% CI [0.003, 0.03], p=.016), indicating that vection strength increased naturally
over the course of the trial. Significant main effects were also observed for RF (3 =0.10, 95% CI [0.02, 0.18], p =
.010) and FoV (3 =0.13, 95% CI [0.05, 0.21], p = .001). Importantly, a significant RF x FoV interaction emerged
(B=-0.33,95% CI [-0.44, -0.22], p < .001), indicating that the effect of field of view on vection depended on the

spatial reference frame.

Pairwise comparisons revealed that the Head-ref/Peripheral condition elicited significantly stronger vection than
both the Head-ref/Central (estimate = 0.125, p = .034) and Gravity-ref/Peripheral conditions (estimate = 0.192, p
< .001). Similarly, the Gravity-ref/Central condition showed significantly higher vection than the Gravity-
ref/Peripheral condition (estimate = 0.127, p =.031). No other comparisons reached significance (all p > .800).

02 F
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08t \ -#- Central
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© o o
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o
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Head-ref Gravity-ref
Fig. 4 Mean vection scores across experimental conditions

Note. Mean vection scores for the Head-ref and Gravity-ref conditions, shown separately for Peripheral (red) and
Central (blue) display types. Individual participant scores are displayed as connected lines connecting paired
observations. Error bars represent 95% confidence intervals around the mean. A crossover pattern is apparent, with
Peripheral display yielding higher vection scores in the Head-ref condition relative to Central display, while this
relationship reverses in the Gravity-ref condition. Significance levels are indicated as follows: ns p > 0.05, * p <

.05, ##* p <.001.

Together, these results describe a crossover pattern: in the head-referenced condition, peripheral stimulation
enhanced vection relative to central stimulation, whereas this advantage was reversed in gravity-referenced

condition, where central stimulation yielded stronger vection responses. Notably, this interaction remained stable
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across the full exposure period, as all higher-order interactions involving time were non-significant (all p > .138).
This indicates that the opposite influence of field of view depending on the reference frame did not change over

time during immersion.
The substantial inter-individual variability in vection ratings observed across all conditions (SDs: Head-
ref/Peripheral = 0.33, Head-ref/Central = 0.39, Gravity-ref/Peripheral = 0.35, Gravity-ref/Central = 0.24) prompted

a more fine-grained examination of individual response profiles, presented in the following section.

3.3.2. Individual sensitivity profiles

Given the substantial inter-individual variability in vection responses documented above, we investigated whether
participants could be partitioned into meaningful subgroups with distinct vection sensitivity levels, and whether
the RF x FoV interaction observed at the group level was uniformly expressed across these subgroups or

selectively driven by a specific subset of participants.

Participants were grouped using an unsupervised clustering approach applied to individual mean vection scores,
standardized prior to clustering. Converging evidence from the elbow method, silhouette analysis, and the gap
statistic supported a two-cluster solution. K-means clustering (k = 2, nstart = 25) yielded a vection high-sensitive
(n=12) and a vection low-sensitive group (n=26), whose separation was confirmed by a linear mixed model
(conditional R? = 0.62; marginal R? = 0.62; main effect of vection sensitive group: p = -0.57, 95% CI [-0.64, -
0.49], p <.001, std. B =-0.79).

The effects of RF and FoV were then examined separately within each vection sensitive group. In the vection high-
sensitive group (conditional R? = 0.277; marginal R? = 0.276) (Fig. 5.a), a significant RF x FoV interaction was
observed (B = -0.554, p = .002), driven by a substantially higher vection in the Head-ref/Peripheral condition
relative to the Gravity-ref/Peripheral condition (estimate = 0.476, p = .001); no other pairwise comparisons were
significant (all p > .077). In the vection low-sensitive group (conditional R? = 0.333; marginal R? = 0.049) (Fig.
5.b), the RF x FoV interaction also reached significance (fp =-0.112, p=.009), but no pairwise differences between
conditions were reliable (all p >.170), indicating that the interaction reflects a subtle statistical pattern that did not

translate into discriminable condition-level effects within this group.
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Fig. 5 Vection scores across experimental conditions as a function of vection sensitivity

Note. (a) Low-sensitivity group (n = 26) and (b) high-sensitivity group (n = 12). Mean vection scores for the Head-
ref and Gravity-ref conditions, shown separately for Peripheral (red) and Central (blue) display types. Semi-
transparent individual participant scores are displayed with connected lines linking paired observations across
conditions. Markers represent condition means, and error bars indicate 95% confidence intervals around the mean.

In both groups, a crossover pattern is observed. Significance levels are indicated as follows: *** p < .001.

The substantially higher marginal R? in the vection high-sensitive group (0.276 vs. 0.049), combined with the
presence of significant post-hoc differences exclusively within this group, indicates that the RF x FoV interaction
on vection was primarily driven by individuals with heightened vection susceptibility. Whether this differential

sensitivity also extends to VIMS outcomes will be examined in Section 3.4.

3.3.3. Vection-presence relationship

Having established that both vection and presence were modulated by the experimental conditions, we now
examine whether these two variables co-varied within participants - that is, whether individuals who reported
stronger vection also experienced higher presence - and whether the strength of this association differed across

experimental configurations.

Pearson correlations were computed between mean vection scores and IPQ total scores, both across all
observations pooled (Fig. 6.a) and separately for each condition (Fig. 6.b). Across the full dataset, a significant
positive relationship was observed (r = 0.40, p < .001), confirming that stronger vection experiences were

associated with higher subjective presence overall.
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Fig. 6 Relationship between vection and presence (IPQ) scores across experimental conditions

Note. (a) Scatter plot showing the relationship between mean vection ratings and mean IPQ total scores across all
observations. Each grey dot represents an individual data point. The solid black line indicates the linear regression
fit, with the shaded area representing the 95% confidence interval around the regression estimate. (b) Condition-
specific scatter plots illustrating the relationship between vection and presence for each experimental condition:
Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral (dashed red), and Gravity-
ref/Central (dashed blue). Grey dots correspond to individual observations, colored lines indicate the linear
regression fits for each condition, and shaded regions represent 95% confidence intervals. Regression equations,
Pearson correlation coefficients (r), and Bonferroni-corrected p-values are reported within each panel. Significance

levels are indicated as follows: * p <.05, ** p <.01, *** p <.001.

When examined by condition, the strength of this association varied substantially. Significant positive correlations
were found in both head-referenced conditions (Head-ref/Peripheral: r = 0.54, corrected p = .0017; Head-
ref/Central: r = 0.54, corrected p =.0021) and, to a lesser extent, in the Gravity-ref/Peripheral condition (r = 0.40,
corrected p =.0497). In contrast, the Gravity-ref/Central condition yielded only a weak, non-significant association

(r=0.18, corrected p = 1.000).

These results indicate that the vection-presence relationship is not uniform across visual configurations. It is
strongest when motion is anchored to the observer's head-centered frame, and weakest - effectively absent - when

motion is gravity-referenced and restricted to the central field.

3.4. VIMS

The preceding analyses established that vection responses were heterogeneous across participants and that this
heterogeneity could be meaningfully captured by a two vection sensitive group distinction reflecting high and low
vection sensitivity. The present section examines whether this differential structure also carries functional
relevance for VIMS outcomes. Specifically, we first test whether vection-based group membership moderates the
effects of RF and FoV on discomfort - a step we term vection sensitive group validation in the context of VIMS -

before decomposing the effects of the experimental manipulations within each vection sensitive group separately.

Before proceeding, it is important to note that preliminary analyses of pre-exposure SSQ and MSAQ scores

revealed no significant effect of RF or FoV (all p >.088), confirming that baseline symptom levels were equivalent
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across conditions. Post-exposure differences can therefore be attributed to the experimental manipulations rather

than to pre-existing between-condition asymmetries.
All models included RF, FoV, Vection sensitivity, and their interactions as fixed effects, with participants entered
as a random intercept. For MISC ratings, immersion time was additionally included to account for within-exposure

symptom dynamics.

3.4.1. Vection sensitivity as a moderator of VIMS

We first examined whether the vection-derived sensitivity group captured meaningful differences in VIMS
responses at the global level - that is, before decomposing effects by the vection sensitive group. This step was
intended to establish whether the categorical approximation introduced by clustering retained functional relevance

when applied to discomfort outcomes, thereby justifying the group-specific analyses that follow.

MISC. The model (conditional R? = 0.65; marginal R? = 0.22) revealed a robust main effect of time (f = 0.16,
95% CI[0.13,0.19], p <.001), reflecting progressive discomfort accumulation during immersion, and a significant
FoV x Time interaction (f = 0.06, 95% CI [0.02, 0.11], p < .01), indicating steeper symptom buildup under
peripheral stimulation (Fig.7). A significant main effect of vection sensitivity ( = -0.55, 95% CI [-1.07, -0.03], p
< .05), and a significant RF x Vection sensitive group interaction (f = 0.42, 95% CI [0.20, 0.65], p < .001)
confirmed that the protective effect of gravity-referenced framing on discomfort was not uniform across groups.

All remaining interactions were non-significant (all p > .068).
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Fig. 7 MISC (Misery-Scale) discomfort scores across experimental conditions and exposure time

Note. Time course of mean MISC scores plotted minute-by-minute over the 8-minute exposure period for each of

the four experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-
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ref/Peripheral (dashed red), and Gravity-ref/Central (dashed blue). Error bars represent 95% confidence intervals.

Significance levels are indicated as follows: * p <.05, ** p <.01, *** p <.001.

S8SQ. The model (conditional R? = 0.55; marginal R = 0.19) yielded a significant main effect of vection sensitive
group (B =-4.62, 95% CI [-7.01, -2.22], p < .001) and a significant RF x vection sensitive group interaction (f =
4.90, 95% CI [2.39, 7.41], p < .001), closely mirroring the MISC pattern. Although gravity-referenced framing
was globally associated with lower SSQ scores (B = -9.06, 95% CI [-13.45, -4.68], p < .001), this benefit varied
substantially across vection sensitive groups. FoV and all remaining interactions were non-significant (all p >

126).

MSAQ. The model showed moderate fit (conditional R? = 0.40; marginal R? = 0.14), with no significant main
effects or interactions (all p > .070). A trend-level effect of vection sensitive group membership ( = -2.31, 95%

CI [-4.80, 0.19], p = .070) was observed, consistent in direction with the MISC and SSQ findings.

The convergent RF x vection sensitive group interactions across MISC and SSQ, supported by a directionally
consistent trend in the MSAQ, establish vection sensitivity as a functionally meaningful moderator of VIMS
outcomes. Rather than treating inter-individual variability as residual noise, these results indicate that vection-
derived sensitivity profiles capture a systematic source of heterogeneity in participants' responses to the visual
manipulations. The following section decomposes these effects within each vection sensitive group to identify the

specific conditions under which each manipulation influences VIMS severity.

3.4.2. Vection sensitivity modulating the effects of reference frame and field of view

Having established that vection sensitive group membership moderated VIMS responses at the global level, we
now examine the effects of RF and FoV separately within each group. This decomposition aims to characterize
the conditions under which each visual manipulation exerts its influence on discomfort, and to determine whether

the two vection sensitive groups show qualitatively distinct response profiles.

MISC. In the vection low-sensitive group (n = 26; conditional R?> = 0.57; marginal R? = 0.17) (Fig.8.a), only the
main effect of time was significant (B = 0.13, 95% CI [0.09, 0.17], p <.001); neither RF nor FoV, nor any of their
interactions with time, reached significance (all p > .170). In the vection high-sensitive group (n = 12; conditional
R? = 0.74; marginal R? = 0.23) (Fig.8.b), discomfort accumulated robustly over time (f = 0.23, 95% CI [0.17,
0.29], p <.001), with a significantly steeper increase under peripheral FoV (FoV x Time: B =0.11, 95% CI [0.03,
0.20], p <.01) and a relative attenuation under gravity-referenced framing (RF x Time: B = -0.09, 95% CI [-0.18,

-0.007], p <.05). All remaining interactions were non-significant (all p >.272).
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Fig. 8 MISC scores across experimental conditions as a function of exposure time and vection sensitivity

Note. (a) Low-sensitivity group (n = 26) and (b) high-sensitivity group (n = 12). Time course of mean MISC
(Misery-Scale) scores plotted minute-by-minute over the 8-minute exposure period for each of the four
experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral

(dashed red), and Gravity-ref/Central (dashed blue). Error bars represent 95% confidence intervals.

SS0. In the vection high-sensitive group (n = 12; conditional R? = 0.54; marginal R? = 0.20), gravity-referenced
framing was associated with substantially lower post-exposure SSQ scores (B = -4.17, 95% CI [-6.54, -1.79], p <
.001), while neither FoV (p =.527) nor the RF x FoV interaction (p =.170) reached significance (Fig.9.a). Subscale
analyses (Fig.9.b) revealed that this overall benefit of gravity-referenced framing was carried by two partially
distinct mechanisms. For the Nausea subscale (conditional R? = 0.56; marginal R? = 0.25), independent main
effects of RF (f =-1.17, 95% CI [-2.18, -0.16], p < .05) and FoV (B = 1.33, 95% CI [0.32, 2.34], p < .05) were
observed, with no significant interaction (p = .415): gravity-referenced framing reduced nausea symptoms, while
peripheral stimulation independently increased them. For the Oculomotor subscale (conditional R? = 0.45;
marginal R? = 0.16), a significant main effect of RF (§ = -3.00, 95% CI [-4.78, -1.22], p <.01) was qualified by a
significant RF x FoV interaction ( = 2.92, 95% CI [0.40, 5.44], p < .05). Post-hoc comparisons revealed that the
oculomotor benefit of gravity-referenced framing was driven specifically by the central field of view condition:
the Head-ref/central condition yielded significantly higher oculomotor scores than the Gravity-ref/central
condition (estimate = 3.00, p < .05), whereas no significant differences were observed between the Head-
ref/peripheral and Gravity-ref/peripheral conditions (estimate = 0.67, p = 1.000), nor between the two gravity-
referenced conditions (Gravity-ref/central vs. Gravity-ref/peripheral: estimate = -2.33, p = .075). This pattern
suggests that the oculomotor relief conferred by gravity-referenced framing was selectively present when
stimulation was confined to the central visual field and was effectively abolished under peripheral stimulation.

In the vection low-sensitive group (n = 26; conditional R? = 0.50; marginal R? = 0.07), no effect of RF was found
on overall SSQ scores (p = .280), but a significant main effect of FoV emerged (f = 1.77, 95% CI[0.44, 3.10], p
<.01), indicating higher post-exposure scores under peripheral stimulation. Subscale analyses confirmed that this
FoV effect was primarily driven by the Oculomotor dimension (B =1.12, 95% CI [0.16, 2.07], p <.05; conditional
R? = 0.46; marginal R? = 0.04), with no significant effect on the Nausea subscale (all p > .064). Neither the RF x

FoV interaction nor any other term reached significance in either subscale model within this group (all p >.204).
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Fig. 9 SSQ scores across experimental conditions as a function of vection sensitivity

Note. (a) Global SSQ scores, (b) Oculomotor subscale scores, and (c¢) Nausea subscale scores for the low-
sensitivity group (n=26) and high-sensitivity group (n=12). Mean scores for the Head-ref and Gravity-ref
conditions are shown separately for Peripheral (red) and Central (blue) display types. Semi-transparent individual
participant scores are displayed with connected lines linking paired observations across conditions. Markers
represent condition means, and error bars indicate 95% confidence intervals around the mean. In both sensitivity
groups, a crossover pattern is observed across experimental conditions. Significance levels are indicated as

follows: * p <.05, ** p <.01, *** p <.001.

These subscale-level findings refine the interpretation of the overall SSQ pattern. In vection high-sensitive
individuals, gravity-referenced framing reduced both nausea and oculomotor discomfort, but the oculomotor
benefit was conditional on central field stimulation - an interaction absent for the nausea dimension, where RF and
FoV exerted independent additive effects. In vection low-sensitive individuals, the adverse effect of peripheral
stimulation on global SSQ scores was attributable specifically to increased oculomotor load, with no corresponding
effect on nausea. Taken together, these results suggest that the two subscales are differentially affected by the
experimental manipulations: nausea appears more responsive to the spatial coherence of the reference frame, while
oculomotor symptoms reflect the combined influence of visual stimulation zone and reference frame stability in a

susceptibility-dependent manner.

MSAQ. In neither Vection sensitive group did RF, FoV, or their interaction reach significance (all p > .100)
(Fig.10). In the vection high-sensitive group, the direction of the RF effect (B = -2.37) remained consistent with
the MISC and SSQ patterns, suggesting a trend toward reduced post-exposure symptoms under gravity-referenced
framing, albeit below conventional thresholds. This pattern of weaker MSAQ sensitivity was consistent across

both groups and aligns with the global-level findings reported above.
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Fig. 10 MSAQ scores across experimental conditions as a function of vection sensitivity

Note. (a) Global MSAQ total scores for the low-sensitivity group (n=26, left) and high-sensitivity group (n=12,
right). Mean scores for the Head-ref and Gravity-ref conditions are shown separately for Peripheral (red) and
Central (blue) display types. Semi-transparent individual participant scores are displayed with connected lines
linking paired observations across conditions. Markers represent condition means, and error bars indicate 95%
confidence intervals around the mean. (b) Radar plots depicting mean scores for each of the four MSAQ subscales
- Central, Peripheral, Gastric, and Sopite-related - across the four experimental conditions: Head-ref/Peripheral
(solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral (dashed red), and Gravity-ref/Central (dashed

blue), shown separately for the low-sensitivity group (up) and the high-sensitivity group (down).

Across MISC and SSQ outcomes, a consistent and conceptually coherent pattern emerges from the vection
sensitive group specific analyses. Vection high-sensitive individuals were affected by both the temporal dynamics
of discomfort and the reference frame manipulation: gravity-referenced framing attenuated VIMS accumulation
and reduced post-exposure severity in this group, while peripheral stimulation accelerated symptom onset. Vection
low-sensitive individuals, by contrast, showed a more restricted profile, with only a modest but reliable adverse
effect of peripheral FoV on post-exposure SSQ scores, and no meaningful modulation by reference frame. Taken
together, these findings validate the functional relevance of the vection-derived clustering and support a
susceptibility-dependent model of VIMS, in which reference frame constitutes an effective mitigation lever

primarily for individuals prone to strong vection-induced discomfort.
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4. Discussion

The present study investigated how field of view and spatial reference frame influence visually induced self-
motion perception and visually induced motion sickness during immersive virtual reality exposure. Specifically,
we examined the effects of central versus peripheral visual stimulation and head- versus gravity-referenced
environments on vection, presence, VIMS, and behavioral responses. Several converging findings emerged from

the analyses.

First, the experimental manipulations successfully modulated vection and presence without substantially affecting
task performance or perceived workload, confirming that the observed perceptual differences reflect genuine
responses to the visual manipulations rather than confounds related to task demand. Second, vection responses
exhibited marked inter-individual variability, giving rise to two distinct sensitivity profiles that differentially
modulated the effects of the experimental factors. Third, vection and presence were positively associated across
conditions, with the strength of this relationship depending on the spatial configuration of the visual scene. Finally,
VIMS outcomes were consistently modulated by vection sensitivity, with reference frame effects on discomfort
emerging selectively in vection high-sensitive individuals, while peripheral stimulation exerted an independent
adverse effect in vection low-sensitive individuals. Together, these findings support a susceptibility-dependent
model of visually induced motion sickness in which the perceptual and comfort consequences of visual motion

parameters cannot be fully understood without accounting for individual differences in vection sensitivity.

4.1. Vection-presence relationship: virtual scene characteristics matter

Across the full sample, vection intensity was positively associated with subjective presence, replicating the
frequently reported link between compelling self-motion perception and the sense of "being there" in a virtual
environment (Allison and Palmisano, 2025; Dizmen and So, 2023; Lin et al., 2002; Park and Koo, 2025). However,
condition-specific analyses revealed that this relationship was not uniform across experimental configurations.
The vection-presence correlation was strongest and most robust in both head-referenced conditions, attenuated but

significant in the Gravity-ref/Peripheral condition, and absent in the Gravity-ref/Central condition.

This modulation suggests that the coupling between self-motion perception and presence is not an invariant
property of vection per se but depends on the broader sensory (visual) context in which self-motion is experienced.
In head-referenced environments, where the optic flow is spatially anchored to the observer's head, vection and
the feeling of environmental immersion may co-vary more tightly because both are driven by the same egocentric
motion signal. In gravity-referenced environments -particularly under central stimulation, which produced the
weakest vection-presence link- the stabilizing effect of allocentric orientation cues may partially decouple the
perceptual experience of self-motion from the cognitive sense of environmental presence. Some authors have
proposed that presence emerges primarily from cognitive engagement and sensorimotor contingency, rather than
from self-motion cues alone (Wei et al., 2018; Yip and Saunders, 2023); the present results suggest that these two
pathways may be differentially recruited depending on how the visual scene is spatially organized in the virtual

world.
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4.2. Vection Responses: Interaction Effects and Individual Differences

Overall, both reference frame and field of view exerted significant main effects on vection strength, with head-
referenced and peripheral conditions respectively associated with stronger self-motion perception. Critically,
however, these effects were qualified by a significant RF x FoV interaction, reflecting a crossover pattern:
peripheral stimulation enhanced vection relative to central stimulation in the head-referenced condition, whereas
this relationship was reversed under gravity-referenced framing, where central stimulation elicited stronger vection

responses.

This dissociation suggests that the perceptual weighting of motion cues is not determined solely by the field of
view but depends on how those cues interact with the broader spatial reference frame structuring the visual scene
(Allison and Palmisano, 2025; Bringoux et al., 2009; Chung and Barnett-Cowan, 2023). In head-referenced
environments, peripheral optic flow constitutes the dominant available cue for estimating self-motion, consistent
with classical findings emphasizing the privileged role of the peripheral visual field - linked to the magnocellular
"where" pathway - in large-field motion processing (Brandt et al., 1973; Dichgans and Brandt, 1978; Kim and
Kim, 2019). In gravity-referenced environments, however, the global scene provides stronger allocentric
orientation cues, potentially stabilizing the spatial representation of the environment and increasing the relative
informativeness of foveal motion signals for self-motion estimation. This account aligns with "Rest Frame"
theories, which propose that stable environmental features provide a consistent reference enabling the central
nervous system to disambiguate self-motion from world-motion (Allison and Palmisano, 2025; Cao et al., 2018;
Prothero et al., 1999). Under such conditions, central motion signals may become more tightly coupled to the
stable background and thus more effective in driving vection, whereas peripheral signals lose part of their dominant

role.

The RF x FoV interaction was unchanged over the course of the exposure period, as evidenced by the non-
significance of all high-order interactions involving time. This temporal stability suggests that the differential
weighting of visual stimulation zones across reference frames reflects a relatively stable perceptual mechanism

rather than a dynamic recalibration process unfolding during immersion.

Beyond average condition effects, vection responses exhibited substantial inter-individual variability, motivating
a data-driven clustering approach. Converging evidence from statistical clustering supported the existence of two
vection sensitive groups, namely a vection high-sensitive and a vection low-sensitive sub-sample. Crucially, the
RF x FoV interaction on vection was significant in both vection sensitive groups, but its functional expression
differed markedly. In vection high-sensitive individuals, significant post-hoc differences - most prominently a
substantially higher vection in the Head-ref/Peripheral condition relative to the Gravity-ref/Peripheral condition -
confirmed that the interaction translated into robust condition-level distinctions. In vection low-sensitive
individuals, by contrast, the interaction reached significance but yielded no reliable pairwise differences, indicating
a subtle pattern that did not manifest as discriminable condition effects within this group. The substantially higher
marginal R? in the vection high-sensitive group further underscores that the fixed-effect structure of the RF x FoV

interaction is primarily carried by individuals with heightened vection susceptibility.
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These findings are consistent with previous work showing that susceptibility to visually induced self-motion varies
widely across individuals (Allison and Palmisano, 2025; Péhlmann et al., 2022), and that differences in perceptual
style - specifically the tendency to rely on visual versus bodily cues for spatial orientation - may underlie these
profiles (Barrett and Thornton, 1968; Chung and Barnett-Cowan, 2023). Individuals with higher field dependence
may be more strongly driven by the global visual background and its spatial organization, rendering them more
sensitive to manipulations that alter the reference frame or the relative salience of peripheral versus central motion

signals (Bringoux et al., 2009; Kuiper et al., 2019).

4.3. Emergence of Visually Induced Motion Sickness: vection sensitivity modulation

Vection sensitivity membership proved to be a functionally meaningful moderator of VIMS outcomes across
multiple instruments. At the global level, significant RF x Vection sensitive interactions were observed for both
MISC and SSQ, indicating that the protective effect of gravity-referenced visual framing on discomfort was not
homogeneous across the sample. Specific analyses on vection sensitive groups confirmed an asymmetric
modulation: in vection high-sensitive individuals, the gravity-referenced condition was associated with
substantially lower MISC accumulation rates and markedly reduced post-exposure SSQ scores, whereas no such
benefit was observed in vection low-sensitive individuals. Conversely, peripheral field of view exerted an
independent adverse effect on post-exposure SSQ scores in the vection low-sensitive group - an effect that was
absent or overshadowed in vection high-sensitive participants, where reference frame dominated the VIMS

response.

The MSAQ did not robustly replicate these patterns in either vection sensitive group, although the direction of the
RF effect in vection high-sensitive individuals was consistent with the MISC and SSQ findings. This differential

sensitivity across instruments is addressed in the following section.

These findings have direct implications for the interpretation of the vection-VIMS relationship. Although vection
correlated significantly with both MISC and SSQ scores across the full sample, this association was not uniform:
its strength varied substantially as a function of individual sensitivity. In the vection high-sensitive group, the
coupling between self-motion perception and discomfort was functionally tight - gravity-referenced framing
attenuated both the temporal accumulation of VIMS and post-exposure severity, while peripheral stimulation
accelerated symptom onset. In the low-sensitive group, by contrast, the link between vection and VIMS was
considerably weaker, with only a modest and restricted effect of peripheral FoV on oculomotor discomfort and no
meaningful modulation by reference frame. These findings are consistent with a growing literature challenging the
assumption that vection is a necessary or sufficient condition for VIMS (Kuiper et al., 2019; P6hlmann et al., 2022;
Webb and Griffin, 2003). Rather than being directly causal, vection and VIMS likely share partially overlapping
mechanisms related to multisensory integration and spatial reference frame stability (Allison and Palmisano, 2025;
Chung and Barnett-Cowan, 2023). The present data extend this view by showing that the degree of coupling
between vection and VIMS is modulated by individual susceptibility: vection high-sensitive individuals appear to
experience a tighter functional link between self-motion perception and discomfort, rendering them more

responsive to reference frame manipulations as a mitigation strategy.
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4.4. Complementarity and differential sensitivity of VIMS assessment tools

An important methodological contribution of the present study concerns the comparative sensitivity of the three
VIMS instruments employed. Strong convergent validity was observed between the MSAQ and SSQ, consistent
with previous meta-analytic evidence of high agreement among multi-item retrospective questionnaires (Allison
and Palmisano, 2025; Park and Koo, 2025). The moderate correlations between the MISC and the post-exposure
questionnaires, however, confirm that continuous in-immersion ratings and retrospective global assessments
capture partially distinct dimensions of the sickness experience (Kuiper et al., 2019). While questionnaires
aggregate symptoms into a single cumulative score, the MISC captures the temporal dynamics of discomfort onset
and progression - a feature that proved particularly informative in the present study, where significant FoV x Time
and RF x Time interactions within the vection high-sensitive group revealed differential accumulation trajectories
across conditions that would have been invisible to a purely post-hoc assessment approach (Cao et al., 2018;

Fernandes and Feiner, 2016).

Beyond this general convergence, the three instruments also differed in their sensitivity to the specific experimental
manipulations. The SSQ was primarily responsive to the field of view factor, with peripheral stimulation associated
with higher scores - a pattern consistent with the SSQ's historical development for simulator contexts where visual
display characteristics, including field of view and optic flow intensity, are primary drivers of disorientation and
oculomotor disturbance (Allison and Palmisano, 2025; Bouchard et al., 2009). The MSAQ, by contrast, showed a
trend toward sensitivity to the reference frame manipulation, with lower scores in the gravity-referenced condition
in vection high-sensitive individuals. Given that the MSAQ was originally developed to assess motion sickness
across a broad range of multidimensional motion environments, including real-world transport contexts (Gianaros
et al., 2010), it may be more attuned to factors affecting perceived spatial orientation and the alignment of
egocentric and gravitational references (Bringoux et al., 2009; Chung and Barnett-Cowan, 2023). However, the
MSAQ's overall weaker responsiveness to the experimental factors suggests that its sensitivity may be better suited
to paradigms involving physical motion or vestibular stimulation than to purely visually induced conditions such

as those examined here.

Taken together, these results confirm that the three instruments provide complementary rather than redundant
information: the SSQ is particularly responsive to visual display characteristics, the MSAQ may capture aspects
of spatial disorientation more broadly, and the MISC offers the critical advantage of temporal resolution. The
concurrent use of all three instruments thus enables a more complete characterization of VIMS than any single

tool would allow.

4.5. Toward a vection susceptibility-dependent model of VIMS in VR

Considered jointly, the present findings support a model in which the perceptual and comfort consequences of
visual motion parameters in VR are not uniform across observers but are shaped by individual susceptibility to
vection. In vection high-sensitive individuals, the visual manipulation exerts coordinated effects on both self-
motion perception and discomfort, with reference frame emerging as a primary determinant of VIMS severity. In
vection low-sensitive individuals, the effects of reference frame are attenuated or absent, while peripheral

stimulation acts as an independent sensory factor with modest but reliable adverse consequences. This dissociation
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suggests that the mechanisms linking visual motion parameters to VIMS operate through at least two partially
distinct pathways: one tied to the strength and coherence of the vection signal and its interaction with spatial
reference systems, and another related to more peripheral sensory processing of optic flow, independent of

compelling self-motion perception.

From a practical standpoint, these results suggest that reference frame manipulations - specifically the use of
gravity-anchored visual environments in VR - may constitute an effective mitigation strategy for VIMS, but
primarily for individuals who are prone to strong vection sensations. For vection low-sensitive users, managing
the spatial extent of peripheral stimulation may be a more relevant design lever. Future work employing
prospective screening of vection sensitivity, alongside computational models of multisensory integration, may help

refine these profiles and translate them into personalized VR adaptation strategies.

5. Limitations and Conclusion

The present study has some limitations that nevertheless warrant consideration. First, individual differences in
perceptual style - and more specifically, field dependence-independence - were not assessed prior to the
experimental sessions. Field dependence, which characterizes the extent to which individuals rely on visual rather
than vestibular or proprioceptive cues for spatial orientation (Isableu et al., 2010), is likely to modulate vection
sensitivity and may therefore account for part of the inter-individual variability observed in the present data. Future
research should systematically measure this perceptual style, as it may help identify meaningful subgroup
differences in both immersion and VIMS susceptibility. Second, the virtual environment displayed in this study
was deliberately kept visually sparse, relying on low-level optic flow stimuli with minimal semantic content and
limited environmental complexity. Although this approach affords experimental control and ensures replicability,
it may constrain the ecological validity of the findings and limit their generalizability to more visually rich and
contextually complex VR scenarios encountered in real-world applications. Third, the present study employed a
passive viewing paradigm in which participants remained stationary throughout the experimental session. While
this design allowed for precise control of visual input, it does not capture the full complexity of real-world
conditions in which self-motion perception arises from the concurrent stimulation of visual, vestibular, and
proprioceptive channels. Extending the present paradigm to contexts where observers are subjected to actual
physical motion - such as dynamic driving simulators or naturalistic in-vehicle settings - would constitute a critical
next step toward establishing the ecological validity of these findings and evaluating their translational relevance
for applied domains in which managing the interplay between vection, presence, and discomfort carries direct
practical consequences.

Despite these considerations, the present study demonstrates that the effects of visual parameters such as peripheral
stimulation and spatial reference frames may differ according to individual vection sensitivity profiles. Accounting
for these differences may represent an important step toward the development of adaptive VR systems capable of
optimizing immersion while minimizing VIMS. Overall, these findings contribute to a better understanding of the
perceptual mechanisms underlying immersive self-motion and provide valuable insights for the design of virtual
environments that balance strong presence with acceptable levels of user comfort. Such findings could be indeed
of particular promise for ecologically grounded applications in which visual self-motion cues interact with real

physical motion, such as in driving simulation or in-vehicle displays.

25



788

789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846

References

Allison, R.S., Palmisano, S., 2025. Visual Factors in Cybersickness: A Literature Survey and Meta-Analysis.
Multisensory Res. 1-105. https://doi.org/10.1163/22134808-bjal0181

Anthes, C., Garcia-Hernandez, R.J., Wiedemann, M., Kranzlmuller, D., 2016. State of the art of virtual reality
technology, in: 2016 IEEE Aerospace Conference. Presented at the 2016 IEEE Aerospace Conference,
IEEE, Big Sky, MT, USA, pp. 1-19. https://doi.org/10.1109/AERO.2016.7500674

Barrett, G.V., Thornton, C.L., 1968. Relationship between perceptual style and simulator sickness. J. Appl.
Psychol. 52, 304-308. https://doi.org/10.1037/h0026013

Berthoz, A., Pavard, B., Young, L.R., 1975. Perception of linear horizontal self-motion induced by peripheral
vision (linearvection) basic characteristics and visual-vestibular interactions. Exp. Brain Res. 23.
https://doi.org/10.1007/BF00234916

Bonato, F., Bubka, A., Palmisano, S., Phillip, D., Moreno, G., 2008. Vection Change Exacerbates Simulator
Sickness in Virtual Environments. Presence Teleoperators Virtual Environ. 17, 283-292.
https://doi.org/10.1162/pres.17.3.283

Bos, J.E., Bles, W., 1998. Modelling motion sickness and subjective vertical mismatch detailed for vertical
motions. Brain Res. Bull. 47, 537-542. https://doi.org/10.1016/S0361-9230(98)00088-4

Bos, J.E., MacKinnon, S.N., Patterson, A., 2005. Motion sickness symptoms in a ship motion simulator: effects
of inside, outside, and no view. Aviat. Space Environ. Med. 76, 1111-1118.

Bouchard, S., St-Jacques, J., Renaud, P., Wiederhold, B.K., 2009. SIde effectS of ImmerSIonS In vIrtual reallty
for people SufferIng from anxlety dISorderS.

Brandt, Th., Dichgans, J., Koenig, E., 1973. Differential effects of central versus peripheral vision on egocentric
and exocentric motion perception. Exp. Brain Res. 16, 476-491. https://doi.org/10.1007/BF00234474

Bringoux, L., Bourdin, C., Lepecq, J.-C., Sandor, P.M.B., Pergandi, J.-M., Mestre, D., 2009. Interaction between
Reference Frames during Subjective Vertical Estimates in a Tilted Immersive Virtual Environment.
Perception 38, 1053—1071. https://doi.org/10.1068/p6089

Cao, Z., Jerald, J., Kopper, R., 2018. Visually-Induced Motion Sickness Reduction via Static and Dynamic Rest
Frames, in: 2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR). Presented at the
2018 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), IEEE, Reutlingen, pp. 105—
112. https://doi.org/10.1109/VR.2018.8446210

Cegarra, J., Morgado, N., 2009. Etude des propriétés de la version francophone du NASA-TLX.

Chung, W., Barnett-Cowan, M., 2023. Sensory reweighting: a common mechanism for subjective visual vertical
and cybersickness susceptibility. Virtual Real. 27, 2029-2041. https://doi.org/10.1007/s10055-023-
00786-z

Cian, C., Raphel, C., Barraud, P.A., 2001. The Role of Cognitive Factors in the Rod-and-Frame Effect.
Perception 30, 1427-1438. https://doi.org/10.1068/p3270

Cipresso, P., Giglioli, .A.C., Raya, M.A., Riva, G., 2018. The Past, Present, and Future of Virtual and
Augmented Reality Research: A Network and Cluster Analysis of the Literature. Front. Psychol. 9,
2086. https://doi.org/10.3389/fpsyg.2018.02086

Dichgans, J., Brandt, T., 1978. Visual-Vestibular Interaction: Effects on Self-Motion Perception and Postural
Control, in: Held, R., Leibowitz, H.W., Teuber, H.-L. (Eds.), Perception. Springer Berlin Heidelberg,
Berlin, Heidelberg, pp. 755-804. https://doi.org/10.1007/978-3-642-46354-9 25

Diels, C., Ukai, K., Howarth, P.A., 2007. Visually Induced Motion Sickness with Radial Displays: Effects of
Gaze Angle and Fixation.

Dizmen, C.J., So, R.H.Y., 2023. Vection induced by a pair of patches of synchronized visual motion stimuli
covering total field of views as small as 10 square-degrees. -Percept. 14, 20416695231201463.
https://doi.org/10.1177/20416695231201463

Fernandes, A.S., Feiner, S.K., 2016. Combating VR sickness through subtle dynamic field-of-view modification,
in: 2016 TEEE Symposium on 3D User Interfaces (3DUI). Presented at the 2016 IEEE Symposium on
3D User Interfaces (3DUI), IEEE, Greenville, SC, USA, pp. 201-210.
https://doi.org/10.1109/3DUI.2016.7460053

Gianaros, P.J., Muth, E.R., Mordkoff, J.T., Levine, M.E., Stern, R.M., 2010. A Questionnaire for the Assessment
of the Multiple Dimensions of Motion Sickness.

Hettinger, L.J., Berbaum, K.S., Kennedy, R.S., Dunlap, W.P., Nolan, M.D., 1990. Vection and Simulator
Sickness. Mil. Psychol. 2, 171-181. https://doi.org/10.1207/s15327876mp0203_4

Isableu, B., Ohlmann, T., Cremieux, J., Vuillerme, N., Amblard, B., Gresty, M.A., 2010. Individual differences
in the ability to identify, select and use appropriate frames of reference for perceptuo-motor control.
Neuroscience 169, 1199-1215. https://doi.org/10.1016/j.neuroscience.2010.05.072

Kennedy, R.S., Drexler, J., Kennedy, R.C., 2010. Research in visually induced motion sickness. Appl. Ergon.
41, 494-503. https://doi.org/10.1016/j.apergo.2009.11.006

26



847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905

Keshavarz, B., Murovec, B., Mohanathas, N., Golding, J.F., 2023. The Visually Induced Motion Sickness
Susceptibility Questionnaire (VIMSSQ): Estimating Individual Susceptibility to Motion Sickness-Like
Symptoms When Using Visual Devices. Hum. Factors J. Hum. Factors Ergon. Soc. 65, 107—124.
https://doi.org/10.1177/00187208211008687

Keshavarz, B., Philipp-Muller, A.E., Hemmerich, W., Riecke, B.E., Campos, J.L., 2019. The effect of visual
motion stimulus characteristics on vection and visually induced motion sickness. Displays 58, 71-81.
https://doi.org/10.1016/j.displa.2018.07.005

Keshavarz, B., Riecke, B.E., Hettinger, L.J., Campos, J.L., 2015. Vection and visually induced motion sickness:
how are they related? Front. Psychol. 6. https://doi.org/10.3389/fpsyg.2015.00472

Kim, N.-G., Kim, B.-S., 2019. The Effect of Retinal Eccentricity on Visually Induced Motion Sickness and
Postural Control. Appl. Sci. 9, 1919. https://doi.org/10.3390/app9091919

Kuiper, 0.X., Bos, J.E., Diels, C., 2019. Vection does not necessitate visually induced motion sickness. Displays
58, 82—87. https://doi.org/10.1016/j.displa.2018.10.001

Laessoe, U., Abrahamsen, S., Zepernick, S., Raunsbaek, A., Stensen, C., 2023. Motion sickness and
cybersickness — Sensory mismatch. Physiol. Behav. 258, 114015.
https://doi.org/10.1016/j.physbeh.2022.114015

Lin, J.J.-W., Duh, H.B.L., Parker, D.E., Abi-Rached, H., Furness, T.A., 2002. Effects of field of view on
presence, enjoyment, memory, and simulator sickness in a virtual environment, in: Proceedings IEEE
Virtual Reality 2002. Presented at the IEEE Virtual Reality 2002, IEEE Comput. Soc, Orlando, FL,
USA, pp. 164—171. https://doi.org/10.1109/VR.2002.996519

Moss, J.D., Muth, E.R., 2011. Characteristics of Head-Mounted Displays and Their Effects on Simulator
Sickness. Hum. Factors J. Hum. Factors Ergon. Soc. 53, 308-319.
https://doi.org/10.1177/0018720811405196

Nakamura, S., Shimojo, S., 1999. Critical Role of Foreground Stimuli in Perceiving Visually Induced Self-
Motion (Vection). Perception 28, 893-902. https://doi.org/10.1068/p2939

O’Hanlon, J.F., McCauley, M.E., 1974. Motion sickness incidence as a function of the frequency and
acceleration of vertical sinusoidal motion. Aerosp. Med. 45, 366—369.

Palmisano, S., Allison, R.S., Pekin, F., 2008. Accelerating Self-Motion Displays Produce More Compelling
Vection in Depth. Perception 37, 22—33. https://doi.org/10.1068/p5806

Palmisano, S., Bonato, F., Bubka, A., Folder, J., 2007. Vertical Display Oscillation Effects on Forward Vection
and Simulator Sickness. Aviat. Space Environ. Med. 78, 951-956.
https://doi.org/10.3357/ASEM.2079.2007

Palmisano, S., Mursic, R., Kim, J., 2017. Vection and cybersickness generated by head-and-display motion in
the Oculus Rift. Displays 46, 1-8. https://doi.org/10.1016/j.displa.2016.11.001

Park, S.-Y., Koo, D.-K., 2025. The Impact of Virtual Reality Content Characteristics on Cybersickness and Head
Movement Patterns. Sensors 25, 215. https://doi.org/10.3390/s25010215

P6hlmann, K.M.T., Focker, J., Dickinson, P., Parke, A., O’Hare, L., 2022. The relationship between vection,
cybersickness and head movements elicited by illusory motion in virtual reality. Displays 71, 102111.
https://doi.org/10.1016/j.displa.2021.102111

Prothero, J.D., Draper, M.H., Furness, T.A., Parker, D.E., Wells, M.J., New Collective Author, 1999. The use of
an independent visual background to reduce simulator side-effects. Aviat. Space Environ. Med. 70,
277-283.

Riecke, B., schulte-pelkum, J., Avraamides, M., Biilthoff, H., 2004. Enhancing the visually induced self-motion
illusion (vection) under natural viewing conditions in virtual reality. Proc. Seventh Annu. Workshop
Presence 2004.

Schubert, T., Friedmann, F., Regenbrecht, H., 2001. The Experience of Presence: Factor Analytic Insights.
Presence Teleoperators Virtual Environ. 10, 266-281. https://doi.org/10.1162/105474601300343603

Seno, T., Murata, K., Fujii, Y., Kanaya, H., Ogawa, M., Tokunaga, K., Palmisano, S., 2018. Vection Is
Enhanced by Increased Exposure to Optic Flow. -Percept. 9, 2041669518774069.
https://doi.org/10.1177/2041669518774069

Webb, N., Griffin, M., 2003. Eye movement, vection, and motion sickness with foveal and peripheral vision.
Aviat. Space Environ. Med. 74, 622-5.

Weech, S., Kenny, S., Barnett-Cowan, M., 2019. Presence and Cybersickness in Virtual Reality Are Negatively
Related: A Review. Front. Psychol. 10, 158. https://doi.org/10.3389/fpsyg.2019.00158

Wei, Y., Zheng, J., So, R H.Y ., 2018. Allocating less attention to central vision during vection is correlated with
less motion sickness. Ergonomics 61, 933-946. https://doi.org/10.1080/00140139.2018.1427805

Yip, S.H., Saunders, J.A., 2023. Restricting the distribution of visual attention reduces cybersickness. Cogn. Res.
Princ. Implic. 8, 18. https://doi.org/10.1186/s41235-023-00466-1

27



