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Abstract 22 

The present study investigates how the field of view (central vs. peripheral stimulation) and the spatial reference 23 

frame of the visual content (head-referenced vs. gravity-referenced) jointly influence vection strength, subjective 24 

presence, and visually induced motion sickness (VIMS) in immersive virtual reality (VR). Thirty-eight 25 

participants, pre-screened for VIMS susceptibility, experienced four experimental conditions combining these 26 

factors. During eight-minute trials, participants performed cyclical head roll tilts while being exposed to optic flow 27 

composed of expanding frames and provided continuous vection ratings. VIMS was assessed using the MISC 28 

rating during exposure, as well as the SSQ and MSAQ questionnaires before and after exposure. Results revealed 29 

a significant Reference Frame × Field of View interaction on vection: peripheral stimulation enhanced vection 30 

relative to central stimulation in the head-referenced visual framing, whereas this advantage was reversed in 31 

gravity-referenced framing, where central stimulation elicited stronger vection responses. The vection–presence 32 

relationship was strongest in the head-referenced condition but did not reach significance under gravity-referenced 33 

central stimulation. Cluster analysis identified two vection sensitivity profiles (high vs. low), which differentially 34 

modulated VIMS outcomes. In high-sensitive individuals, gravity-referenced framing substantially attenuated 35 

discomfort accumulation and post-exposure symptom severity, while peripheral stimulation accelerated symptom 36 

onset. In low-sensitive individuals, reference frame effects were absent, and only peripheral stimulation exerted a 37 

modest adverse effect on discomfort. These findings support a susceptibility-dependent model of VIMS in which 38 

the reference frame constitutes an effective mitigation lever primarily for vection-prone individuals, with direct 39 

implications for the design of adaptive and ergonomically optimized VR environments. 40 
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1. Introduction 62 

 63 

The past decade has been characterized by remarkable advancements in virtual reality (VR) technology, driven by 64 

substantial improvements in display resolution, system latency, refresh rates, and expanded fields of view (FoV) 65 

(Cipresso et al., 2018). These technological refinements have profoundly enhanced immersion and presence 66 

(Anthes et al., 2016), enabling users to experience increasingly compelling simulations of self-motion and 67 

environmental interactions. However, as visual realism increases, so does the occurrence of cybersickness - a 68 

constellation of symptoms including nausea, disorientation, dizziness, and oculomotor strain - which remains a 69 

major obstacle to the widespread adoption of VR systems (Allison and Palmisano, 2025; Weech et al., 2019). 70 

 71 

A key challenge of immersive VR design is to elicit compelling vection, defined as the illusory perception of self-72 

motion induced by visual stimulation in a physically stationary observer (Dizmen and So, 2023; Kuiper et al., 73 

2019). Vection plays a central role in ecological validity of VR contents: without a convincing sensation of self-74 

motion, most immersive experiences lack realism and engagement (Riecke et al., 2004). However, the extent to 75 

which the emergence of vection contributes to cybersickness and VR discomfort remains unclear. In this article, 76 

we will hereafter refer to Visually Induced Motion Sickness (VIMS) as VR discomfort generated by dynamic 77 

visual content and optic flow.   78 

 79 

While several studies report positive correlations between vection strength and VIMS severity (Diels et al., 2007; 80 

Hettinger et al., 1990; Keshavarz et al., 2015; Moss and Muth, 2011; Palmisano et al., 2007), other findings 81 

demonstrate that robust vection can occur in the absence of substantial VIMS, or that VIMS may arise even when 82 

vection is weak (Kuiper et al., 2019; Palmisano et al., 2017; Webb and Griffin, 2003). Moreover, abrupt changes 83 

in vection strength - rather than sustained vection magnitude alone - have been shown to exacerbate VIMS (Bonato 84 

et al., 2008). Prolonged vection exposure can also induce symptoms ranging from mild uneasiness to severe nausea 85 

and vomiting (Kennedy et al., 2010; Laessoe et al., 2023). Together, these findings suggest that vection is neither 86 

a necessary nor a sufficient condition for VIMS. Instead, vection and VIMS appear to share partially overlapping 87 

mechanisms while remaining functionally dissociable. It may therefore be valuable to re-examine the relationship 88 

between vection and VIMS by systematically considering the primary factors that influence visually induced self-89 

motion perception. 90 

 91 

Here, we will focus on two broad classes of visual parameters on vection elicitation. The first concerns the spatial 92 

distribution and dynamics of visual stimulation: peripheral visual stimulation is particularly potent in self-motion 93 

perception (Berthoz et al., 1975; Brandt et al., 1973), and this effect is further amplified by stimulus velocity 94 

(Keshavarz et al., 2019; Nakamura and Shimojo, 1999), prolonged exposure (Seno et al., 2018), and accelerating 95 

optic flow patterns that generate compelling depth vection (Palmisano et al., 2008). The second concerns the 96 

structural organization of the visual scene (Bringoux et al., 2009; Park and Koo, 2025). The spatial coherence of 97 

environmental cues, such as the inclusion of 3-D geometrical features and meaningful polarized objects, has been 98 

shown to increase the inductive power of visual surroundings (Bringoux et al., 2009; Cian et al., 2001). 99 

Furthermore, the stability of reference frames - specifically the presence of world-stationary "rest frames" (Cao et 100 

al., 2018; Prothero et al., 1999) - and the degree to which the scene provides reliable anchoring information, such 101 
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as an Independent Visual Background (IVB; Allison and Palmisano, 2025), significantly shape how the brain 102 

processes visual inputs. These factors determine whether the visual system interprets retinal motion as self-motion 103 

(scene or background motion) rather than object motion (foreground motion), a distinction that is fundamental to 104 

the experience of compelling vection (Dizmen and So, 2023; Kuiper et al., 2019; Pöhlmann et al., 2022). 105 

 106 

Crucially, these same parameters also exert significant, although different effects on VIMS. The spatial distribution 107 

of visual stimulation - and in particular the dominance of peripheral optic flow - is known to destabilize postural 108 

and perceptual reference systems, with peripheral-only stimulation producing stronger autonomic symptoms and 109 

postural instability than central stimulation (Kim and Kim, 2019). Restricting peripheral stimulation through 110 

vignetting reliably attenuates VIMS (Allison and Palmisano, 2025), while even limited peripheral motion cues 111 

remain sufficient to elicit vection (Dizmen and So, 2023). Together, these findings suggest that the peripheral 112 

visual field plays a prominent role in driving discomfort relative to its contribution to self-motion perception itself. 113 

Similarly, the structural organization of the scene influences VIMS through mechanisms distinct from those 114 

governing vection intensity: the presence of stable rest frames or IVB provides spatial anchoring cues that mitigate 115 

discomfort (Allison and Palmisano, 2025; Cao et al., 2018), visually rich three-dimensional environments exert 116 

stronger influence on perceived verticality than sparse scenes (Bringoux et al., 2009), and certain motion axes - 117 

such as illusory rotations - prove more provocative than linear expansions  (Pöhlmann et al., 2022). 118 

Taken together, these observations challenge conventional accounts of the relationship between vection and VIMS. 119 

Rather than conceptualizing VIMS as a direct byproduct of vection strength, we propose that discomfort emerges 120 

when visual motion cues generate inconsistencies between spatial reference frames that the nervous system fails 121 

to reconcile into a stable representation of self-motion (Bos and Bles, 1998). Within this perspective, visual 122 

manipulations may simultaneously enhance vection and provoke VIMS, not because one phenomenon necessarily 123 

causes the other, but because both depend on how the spatial structure of the visual environment interacts with 124 

perceptual and postural reference systems. The balance between compelling self-motion perception and discomfort 125 

may therefore depend on the extent to which visual stimulation preserves, destabilizes, or reconfigures the dynamic 126 

stability of spatial reference frames over time. 127 

Building on this framework, the present study investigates how visual stimulation zones (central vs. peripheral) 128 

and spatial anchoring cues within the visual environment jointly influence vection and VIMS. More specifically, 129 

we test the hypotheses that (1) peripheral-dominant stimulation will enhance vection strength relative to central-130 

dominant stimulation; (2) peripheral-dominant stimulation will increase VIMS severity by affecting spatial 131 

reference integration, likely due to the neurophysiological properties of the visual system; and (3) stable spatial 132 

anchoring cues, such as independent visual backgrounds, will attenuate VIMS by reinforcing reference frame 133 

stability, without diminishing vection. 134 

2. Materials and Methods 135 

 136 

2.1. Population 137 

 138 

Sixty-six participants (31 females, 35 males; mean age: 20.0 ± 1.4 years) were recruited through an online 139 

questionnaire. Participants were asked to provide their age, gender, and to report any history of vestibular 140 
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disorders. Susceptibility to visually induced motion sickness (VIMS) was assessed using the Visually Induced 141 

Motion Sickness Susceptibility Questionnaire (VIMSSQ; Keshavarz et al., 2023). Inclusion criteria were based on 142 

VIMSSQ scores. Specifically, a susceptibility threshold corresponding to the 25th percentile of the normative 143 

distribution reported by Keshavarz et al. (2023) was applied, and only participants with a VIMSSQ score ≤ 9.17 144 

were included. The study was conducted in accordance with the ethical principles outlined in the Declaration of 145 

Helsinki (1964) and received approval from the relevant national ethics committee (CERSTAPS: IRB Agreement 146 

No. 00012476-2025-26-10-442). Prior to participation, all participants provided written informed consent, having 147 

been fully informed of the voluntary nature of their participation and their right to withdraw at any time without 148 

consequence. 149 

 150 

2.2. Apparatus 151 

 152 

Immersive visual environments, developed in Unity by the Mediterranean Virtual Reality Center (CRVM, 153 

Marseille), were displayed using a Meta Quest Pro® head-mounted display (HMD). The HMD provided a field of 154 

view of 106° horizontally and 96° vertically, with a resolution of 1800 × 1920 pixels per eye and a refresh rate of 155 

90 Hz. Head motion and gaze position were continuously recorded using the integrated inertial and eye-tracking 156 

sensors. Vection strength was continuously assessed through joystick input, with anteroposterior deflection 157 

linearly mapped to self-reported vection intensity. All data streams were sampled at 90 Hz. 158 

 159 

2.3. Experimental Conditions, Design, and Procedure 160 

 161 

2.3.1. Visual Stimulation 162 

 163 

Participants were exposed to an anteroposterior translational optic flow consisting of expanding white rectangular 164 

frames against a black background, simulating forward self-motion at a constant velocity of 6 m/s (So et al., 2001). 165 

Four visual conditions were defined by the factorial combination of two independent variables: Reference Frame, 166 

defined by the orientation of the expanding visual frames with respect to the participant or the external environment 167 

(head-referenced vs. gravity-referenced) and stimulated Field of View (central vs. peripheral). The central visual 168 

field was defined as the region extending ±10 deg from the cyclopean eye, whereas the peripheral visual field 169 

comprised the area beyond ±10 deg up to the limits of the display. This yielded the following conditions: Head-170 

ref/Peripheral, Head-ref/Central, Gravity-ref/Peripheral, and Gravity-ref/Central (Fig. 1). 171 

 172 

2.3.2. Experimental Design and Task 173 

 174 

A fully within-subjects design was employed, such that each participant was exposed to all four visual conditions 175 

across two separate sessions. Throughout each VR exposure, participants were instructed to maintain their gaze 176 

straight ahead while performing continuous cyclical head tilts in the roll plane, alternating between leftward and 177 

rightward movements. Head movements were guided by two concurrent auditory signals: a metronome tone cuing 178 

a target half-cycle frequency of 0.4 Hz - a frequency known to reliably elicit VIMS (Bos and Bles, 1998; O’Hanlon 179 

and McCauley, 1974) - and a feedback tone triggered automatically whenever tilt amplitude exceeded ±20 deg, 180 
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indicating the required reversal point. Participants were instructed to synchronize their movements with both 181 

signals to maintain the prescribed amplitude and rhythm throughout the exposure. Compliance was monitored 182 

continuously by the experimenter. 183 

 184 

 185 

Fig. 1 Experimental design and procedure 186 

 187 

Note. (a) Schematic representation of the experimental conditions, highlighting the different visual displays 188 

anchored to the head displacement (upper frames) or the external environment (lower frames) (b) Timeline of the 189 

experimental protocol. Participants completed all experimental conditions across two testing days. The order of 190 

conditions was counterbalanced both within and between testing days. 191 

 192 

2.3.3. Procedure 193 

 194 

Participants completed two experimental sessions separated by a minimum of 24 hours. Each session comprised 195 

two visual conditions, with a mandatory rest period of at least 30 minutes between conditions, or until full 196 

symptomatic recovery was achieved. Condition order was counterbalanced across participants. Upon arrival at 197 

each session, participants completed the Motion Sickness Assessment Questionnaire (Gianaros et al., 2010) and 198 

the French-validated version of the Simulator Sickness Questionnaire (Bouchard et al., 2009) to establish pre-199 

exposure baseline measures. They were then familiarized with the Misery Scale (MISC, Bos et al., 2005), an 11-200 

point ordinal scale ranging from 0 ("No problems") to 10 ("Vomiting"). A brief practice phase (~5 minutes) 201 

allowed participants to familiarize themselves with the head-tilt task and the joystick-based vection rating 202 

procedure. 203 

 204 

Each VR exposure lasted up to eight minutes, during which participants performed the head-tilt task while 205 

providing continuous joystick-based vection ratings. MISC scores were collected verbally at one-minute intervals 206 

throughout exposure and during the subsequent recovery period. Exposure was terminated early either at the 207 

participant's request or if the MISC score exceeded 4. Post-exposure monitoring continued until either two 208 

consecutive MISC scores of 0 were recorded or 10 minutes had elapsed. A score of 0 was required before initiating 209 

any subsequent condition. 210 
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Following each exposure, participants completed the SSQ and MSAQ to quantify VIMS severity, the Igroup 211 

Presence Questionnaire (IPQ; Schubert et al., 2001) to assess subjective sense of presence, and the French version 212 

of the NASA Task Load Index (Cegarra and Morgado, 2009) to evaluate perceived workload. 213 

 214 

2.4. Data Reduction and Statistical Analysis 215 

 216 

VIMS was indexed by three complementary measures, each selected to capture a distinct dimension of the 217 

symptomatic response. The MISC was employed as a continuous, time-resolved index of overall discomfort 218 

throughout immersion, enabling dynamic tracking of symptom onset and progression. The MSAQ was chosen for 219 

its sensitivity to motion sickness specifically elicited by active head movements, rendering it particularly 220 

appropriate given the cyclical roll-plane head tilts performed by participants. The SSQ was included on account 221 

of its established relevance to simulator- and VR-induced sickness, making it especially suited to contexts in which 222 

a stationary observer is exposed to dynamic optic flow - precisely the condition under investigation here. Both the 223 

MSAQ and SSQ were administered pre- and post-exposure to quantify symptoms changes. Continuous vection 224 

ratings were derived from the joystick position time series. Presence and workload were assessed post-exposure 225 

via the IPQ and NASA-TLX, respectively. Head-tilt task performance was characterized by mean oscillation 226 

frequency and mean reversal amplitude. Gaze behavior was quantified by computing (i) gaze compliance, defined 227 

as the proportion of time gaze remained within ±2° of the mean fixation direction, and (ii) gaze position variability 228 

across exposure. 229 

All kinematic, oculomotor, and joystick data were acquired at 90 Hz. Preprocessing and statistical analyses were 230 

performed in MATLAB and RStudio. Linear mixed models (LMMs) were used to assess the effects of Reference 231 

Frame (RF: head-referenced vs. gravity-referenced), Field of View (FoV: central vs. peripheral), and, when 232 

applicable, Time (pre vs. post) or continuous exposure duration (minute-by-minute) on all dependent variables, 233 

including VIMS scores (MISC, MSAQ, SSQ), vection, presence (IPQ), perceived workload (NASA-TLX), and 234 

behavioral measures (gaze and head tilt). Participant was included as a random intercept in all models; random 235 

slopes for Time or minute were added where appropriate to account for within-subject temporal variability. Fixed-236 

effect estimates, 95% confidence intervals, and p-values were derived using Wald t-distribution approximations. 237 

Model fit was characterized by marginal R² (variance explained by fixed effects) and conditional R² (total variance 238 

explained including random effects). Model assumptions were evaluated by visual inspection of residual 239 

distributions and residual-versus-fitted plots. Significant main effects and interactions were followed by post-hoc 240 

pairwise comparisons with appropriate corrections. 241 

 242 

3. Results 243 

 244 

From the 66 individuals who responded to the online screening questionnaire, 27 were excluded prior to enrolment 245 

for the following reasons: 3 presented pre-existing vestibular disorders, 15 did not meet the minimum susceptibility 246 

threshold on VIMSSQ (score ≤ 9.17), and 9 could not be scheduled due to availability constraints. The remaining 247 

39 participants were enrolled and completed all experimental conditions. Data from one participant were 248 

subsequently excluded due to a technical failure of the VR headset recording system during data acquisition, 249 
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resulting in a final sample of 38 participants. No participant discontinued any experimental condition prematurely; 250 

all completed the full 8-minute exposure across the four conditions. 251 

The final sample comprised 38 young adults (see descriptive statistics in Table 1). The mean VIMSSQ score was 252 

33.8 ± 16.4, corresponding approximately to the 65th percentile of the normative distribution (Keshavarz et al., 253 

2023). 254 

 255 

Table 1: Descriptive characteristics of the study sample 256 

 257 

 258 

Note. Quartile boundaries are derived from the normative distribution of the general population (Keshavarz et al., 259 

2023). Only participants scoring above the 25th percentile (Q1 upper bound: score > 9.17), were eligible for 260 

inclusion. Q1 is therefore not represented in the sample. 261 

 262 

The results were organized as follows. We first examined potential confounding factors to establish that observed 263 

differences across conditions reflected genuine perceptual and physiological responses rather than variations in 264 

task demand or compliance. We then assessed the effects of the experimental manipulations on subjective 265 

presence, before turning to the core analyses of vection - where we characterized condition-level effects, identified 266 

individual sensitivity profiles, and examined the relationship between vection and presence. Finally, we 267 

investigated how these profiles modulated VIMS outcomes across the three assessment instruments. 268 

 269 

3.1. Control factors 270 

 271 

Before examining the primary outcomes of interest, we assessed whether the experimental conditions differed in 272 

ways that could confound the interpretation of subsequent results. Specifically, we verified that head-tilt task 273 

performance, perceived workload, and gaze behavior were not systematically affected by the visual manipulations. 274 

Ruling out these potentials confounds ensures that observed differences in vection, presence, and VIMS can be 275 

attributed more confidently to the experimental factors themselves. 276 
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 277 

 278 

Fig. 2 Task compliance and performance metrics across experimental conditions 279 

 280 

Note. (a) Mean head oscillation frequency (Hz), (b) mean head turnaround-point amplitude (absolute angular 281 

displacement, degree), (c) mean NASA-TLX workload scores, (d) gaze direction compliance (percentage of time 282 

gaze remained within ±2° of the target direction), and (e) gaze direction variability (mean standard deviation, 283 

degree) across the Head-ref and Gravity-ref reference frame conditions, shown separately for Peripheral (red) and 284 

Central (blue) display types. Individual participant data are displayed as connected lines linking paired 285 

observations across conditions. Markers represent condition means, and error bars indicate 95% confidence 286 

intervals around the mean. Note the discontinuous y-axis in panels (a) and (b). Significance levels are indicated as 287 

follows: * p < .05, *** p < .001. 288 

 289 

Head-tilt task performance was consistent across conditions (Fig. 2.a & 2.b), with neither oscillation frequency 290 

nor amplitude influenced by reference frame, field of view, or their interaction (all p ≥ .131), confirming task 291 

equivalence across the experimental design. 292 

 293 

Perceived workload was similarly unaffected, with no significant effect of reference frame, field of view, or their 294 

interaction on total NASA-TLX scores (all p ≥ .088), indicating that the experimental conditions did not 295 

differentially affect participants in terms of perceived effort or demand (Fig. 2.c). 296 

 297 

Gaze behavior, by contrast, was substantially modulated by the experimental conditions (Fig. 2.d & 2.e). 298 

Compliance and variability were both primarily driven by a significant RF × FoV interaction (both p < .001): the 299 

Head-ref/Central condition yielded the highest compliance and lowest variability. To determine whether these 300 

fluctuations carried any predictive weight over the primary outcomes, gaze compliance and variability were 301 
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introduced as moderating variables of the RF × FoV effect on both vection and VIMS (Model 3) and compared 302 

against a baseline model excluding these terms using AIC, marginal R², and likelihood ratio tests. These 303 

comparisons consistently showed that adding gaze variables failed to improve model fit for vection strength, both 304 

across the full sample (χ² = 0.097, p = .952) and within each sensitivity vection group (all p ≥ .326) (see Section 305 

3.3.2 for further details on the grouping procedure). The same pattern held for VIMS, where gaze moderators 306 

systematically worsened model fit (ΔAIC ranging from -5 to -40) without reaching significance in any likelihood 307 

ratio test (all p ≥ .05). Gaze behavior therefore appears to be an epiphenomenon of the experimental manipulation 308 

rather than a driving mechanism of the perceptual and comfort outcomes examined below. 309 

 310 

3.2. Presence 311 

 312 

Having established that the conditions were equivalent in terms of task demand and behavioral compliance, we 313 

next examined whether the experimental manipulations produced differential levels of subjective presence. This 314 

analysis was motivated by the well-established theoretical link between self-motion perception and immersive 315 

experience: conditions that elicit stronger vection are generally expected to be experienced as more spatially 316 

immersive. Assessing presence at this stage allows us to determine whether the experimental configurations had 317 

perceptually meaningful consequences beyond vection itself and sets the stage for examining the vection-presence 318 

relationship in Section 3.3.3. 319 

The model for total IPQ presence score (Fig. 3.a) showed substantial explanatory power (conditional R² = 0.63; 320 

marginal R² = 0.08). Significant main effects of RF (β = -0.33, 95% CI [-0.59, -0.06], p = .016) and FoV (β = 0.42, 321 

95% CI [0.16, 0.69], p = .002) were observed, while the RF × FoV interaction was not significant (p = .629), 322 

indicating that the contributions of reference frame and field of view to presence were additive rather than 323 

contingent on one another. Head-referenced framing and peripheral stimulation were each independently 324 

associated with higher presence ratings. 325 

These effects were overall mirrored at the subscale level (Fig. 3.b). Significant main effects of RF and FoV were 326 

observed for both General Presence (conditional R² = 0.56; marginal R² = 0.13) and Spatial Presence (conditional 327 

R² = 0.58; marginal R² = 0.08). The Involvement subscale (conditional R² = 0.53; marginal R² = 0.03) showed no 328 

significant effects, suggesting that the observed presence modulations were primarily driven by spatial and 329 

environmental dimensions of immersion rather than by attentional engagement. 330 

Taken together, these findings confirm that reference frame and field of view exerted independent, additive effects 331 

on subjective presence. The extent to which these presence differences co-varied with vection strength will be 332 

examined in Section 3.3.3.  333 
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 334 

 335 

Fig. 3 IPQ presence scores across experimental conditions 336 

 337 

Note. In this context, positive factor scores represent participants who report higher levels of the underlying 338 

presence component, while negative scores indicate lower-than-average levels of that component within the 339 

sample. (a) Mean total IPQ scores for the Head-ref and Gravity-ref conditions, shown separately for Peripheral 340 

(red) and Central (blue) display types. Individual participant scores are displayed as connected lines connecting 341 

paired observations. Error bars represent 95% confidence intervals around the mean. (b) Radar plot depicting mean 342 

scores for each of the three retained IPQ subscales - Spatial Presence, General presence, and Involvement - across 343 

the four experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-344 

ref/Peripheral (dashed red), and Gravity-ref/Central (dashed blue). The Realism subscale was excluded from the 345 

analysis as it was deemed not applicable to the virtual stimulation used in the present study. Significance levels 346 

are indicated as follows: * p < .05, ** p < .01. 347 

3.3. Vection 348 

This section examined vection across three complementary analyses. We first assessed the effects of reference 349 

frame and field of view on mean vection strength at the group level. Given the substantial inter-individual 350 

variability observed in vection responses, we then applied a clustering approach to identify distinct sensitivity 351 

profiles within the sample and examine whether condition effects replicated within each group. Finally, we 352 

investigated the relationship between vection and presence, both across the full sample and separately for each 353 

experimental condition, to determine whether this association was modulated by the visual configuration. 354 
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3.3.1. Effects of reference frame and field of view on vection 355 

 356 

The aim of this analysis (Fig. 4) was to determine how the two experimental factors - reference frame and field of 357 

view - influenced mean vection strength, and whether their effects were independent or interactive. The model 358 

exhibited substantial explanatory power (conditional R² = 0.64; marginal R² = 0.05). First, a significant main effect 359 

of time was observed (β = 0.02, 95% CI [0.003, 0.03], p = .016), indicating that vection strength increased naturally 360 

over the course of the trial. Significant main effects were also observed for RF (β = 0.10, 95% CI [0.02, 0.18], p = 361 

.010) and FoV (β = 0.13, 95% CI [0.05, 0.21], p = .001). Importantly, a significant RF × FoV interaction emerged 362 

(β = -0.33, 95% CI [-0.44, -0.22], p < .001), indicating that the effect of field of view on vection depended on the 363 

spatial reference frame. 364 

 365 

Pairwise comparisons revealed that the Head-ref/Peripheral condition elicited significantly stronger vection than 366 

both the Head-ref/Central (estimate = 0.125, p = .034) and Gravity-ref/Peripheral conditions (estimate = 0.192, p 367 

< .001). Similarly, the Gravity-ref/Central condition showed significantly higher vection than the Gravity-368 

ref/Peripheral condition (estimate = 0.127, p = .031). No other comparisons reached significance (all p ≥ .800). 369 

 370 

 371 

Fig. 4 Mean vection scores across experimental conditions 372 

Note. Mean vection scores for the Head-ref and Gravity-ref conditions, shown separately for Peripheral (red) and 373 

Central (blue) display types. Individual participant scores are displayed as connected lines connecting paired 374 

observations. Error bars represent 95% confidence intervals around the mean. A crossover pattern is apparent, with 375 

Peripheral display yielding higher vection scores in the Head-ref condition relative to Central display, while this 376 

relationship reverses in the Gravity-ref condition. Significance levels are indicated as follows: ns p > 0.05, * p < 377 

.05, *** p < .001. 378 

Together, these results describe a crossover pattern: in the head-referenced condition, peripheral stimulation 379 

enhanced vection relative to central stimulation, whereas this advantage was reversed in gravity-referenced 380 

condition, where central stimulation yielded stronger vection responses. Notably, this interaction remained stable 381 
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across the full exposure period, as all higher-order interactions involving time were non-significant (all p ≥ .138). 382 

This indicates that the opposite influence of field of view depending on the reference frame did not change over 383 

time during immersion. 384 

 385 

The substantial inter-individual variability in vection ratings observed across all conditions (SDs: Head-386 

ref/Peripheral = 0.33, Head-ref/Central = 0.39, Gravity-ref/Peripheral = 0.35, Gravity-ref/Central = 0.24) prompted 387 

a more fine-grained examination of individual response profiles, presented in the following section. 388 

 389 

3.3.2. Individual sensitivity profiles 390 

 391 

Given the substantial inter-individual variability in vection responses documented above, we investigated whether 392 

participants could be partitioned into meaningful subgroups with distinct vection sensitivity levels, and whether 393 

the RF × FoV interaction observed at the group level was uniformly expressed across these subgroups or 394 

selectively driven by a specific subset of participants. 395 

 396 

Participants were grouped using an unsupervised clustering approach applied to individual mean vection scores, 397 

standardized prior to clustering. Converging evidence from the elbow method, silhouette analysis, and the gap 398 

statistic supported a two-cluster solution. K-means clustering (k = 2, nstart = 25) yielded a vection high-sensitive 399 

(n=12) and a vection low-sensitive group (n=26), whose separation was confirmed by a linear mixed model 400 

(conditional R² = 0.62; marginal R² = 0.62; main effect of vection sensitive group: β = -0.57, 95% CI [-0.64, -401 

0.49], p < .001, std. β = -0.79). 402 

The effects of RF and FoV were then examined separately within each vection sensitive group. In the vection high-403 

sensitive group (conditional R² = 0.277; marginal R² = 0.276) (Fig. 5.a), a significant RF × FoV interaction was 404 

observed (β = -0.554, p = .002), driven by a substantially higher vection in the Head-ref/Peripheral condition 405 

relative to the Gravity-ref/Peripheral condition (estimate = 0.476, p = .001); no other pairwise comparisons were 406 

significant (all p ≥ .077). In the vection low-sensitive group (conditional R² = 0.333; marginal R² = 0.049) (Fig. 407 

5.b), the RF × FoV interaction also reached significance (β = -0.112, p = .009), but no pairwise differences between 408 

conditions were reliable (all p ≥ .170), indicating that the interaction reflects a subtle statistical pattern that did not 409 

translate into discriminable condition-level effects within this group. 410 
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 411 

Fig. 5 Vection scores across experimental conditions as a function of vection sensitivity 412 

Note. (a) Low-sensitivity group (n = 26) and (b) high-sensitivity group (n = 12). Mean vection scores for the Head-413 

ref and Gravity-ref conditions, shown separately for Peripheral (red) and Central (blue) display types. Semi-414 

transparent individual participant scores are displayed with connected lines linking paired observations across 415 

conditions. Markers represent condition means, and error bars indicate 95% confidence intervals around the mean. 416 

In both groups, a crossover pattern is observed. Significance levels are indicated as follows: *** p < .001. 417 

The substantially higher marginal R² in the vection high-sensitive group (0.276 vs. 0.049), combined with the 418 

presence of significant post-hoc differences exclusively within this group, indicates that the RF × FoV interaction 419 

on vection was primarily driven by individuals with heightened vection susceptibility. Whether this differential 420 

sensitivity also extends to VIMS outcomes will be examined in Section 3.4. 421 

3.3.3. Vection-presence relationship 422 

 423 

Having established that both vection and presence were modulated by the experimental conditions, we now 424 

examine whether these two variables co-varied within participants - that is, whether individuals who reported 425 

stronger vection also experienced higher presence - and whether the strength of this association differed across 426 

experimental configurations. 427 

 428 

Pearson correlations were computed between mean vection scores and IPQ total scores, both across all 429 

observations pooled (Fig. 6.a) and separately for each condition (Fig. 6.b). Across the full dataset, a significant 430 

positive relationship was observed (r = 0.40, p < .001), confirming that stronger vection experiences were 431 

associated with higher subjective presence overall. 432 



 15 

 433 

Fig. 6 Relationship between vection and presence (IPQ) scores across experimental conditions 434 

Note. (a) Scatter plot showing the relationship between mean vection ratings and mean IPQ total scores across all 435 

observations. Each grey dot represents an individual data point. The solid black line indicates the linear regression 436 

fit, with the shaded area representing the 95% confidence interval around the regression estimate. (b) Condition-437 

specific scatter plots illustrating the relationship between vection and presence for each experimental condition: 438 

Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral (dashed red), and Gravity-439 

ref/Central (dashed blue). Grey dots correspond to individual observations, colored lines indicate the linear 440 

regression fits for each condition, and shaded regions represent 95% confidence intervals. Regression equations, 441 

Pearson correlation coefficients (r), and Bonferroni-corrected p-values are reported within each panel. Significance 442 

levels are indicated as follows: * p < .05, ** p < .01, *** p < .001. 443 

When examined by condition, the strength of this association varied substantially. Significant positive correlations 444 

were found in both head-referenced conditions (Head-ref/Peripheral: r = 0.54, corrected p = .0017; Head-445 

ref/Central: r = 0.54, corrected p = .0021) and, to a lesser extent, in the Gravity-ref/Peripheral condition (r = 0.40, 446 

corrected p = .0497). In contrast, the Gravity-ref/Central condition yielded only a weak, non-significant association 447 

(r = 0.18, corrected p = 1.000). 448 

These results indicate that the vection-presence relationship is not uniform across visual configurations. It is 449 

strongest when motion is anchored to the observer's head-centered frame, and weakest - effectively absent - when 450 

motion is gravity-referenced and restricted to the central field.  451 

3.4. VIMS 452 

The preceding analyses established that vection responses were heterogeneous across participants and that this 453 

heterogeneity could be meaningfully captured by a two vection sensitive group distinction reflecting high and low 454 

vection sensitivity. The present section examines whether this differential structure also carries functional 455 

relevance for VIMS outcomes. Specifically, we first test whether vection-based group membership moderates the 456 

effects of RF and FoV on discomfort - a step we term vection sensitive group validation in the context of VIMS - 457 

before decomposing the effects of the experimental manipulations within each vection sensitive group separately. 458 

 459 

Before proceeding, it is important to note that preliminary analyses of pre-exposure SSQ and MSAQ scores 460 

revealed no significant effect of RF or FoV (all p ≥ .088), confirming that baseline symptom levels were equivalent 461 
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across conditions. Post-exposure differences can therefore be attributed to the experimental manipulations rather 462 

than to pre-existing between-condition asymmetries. 463 

 464 

All models included RF, FoV, Vection sensitivity, and their interactions as fixed effects, with participants entered 465 

as a random intercept. For MISC ratings, immersion time was additionally included to account for within-exposure 466 

symptom dynamics. 467 

 468 

3.4.1. Vection sensitivity as a moderator of VIMS 469 

 470 

We first examined whether the vection-derived sensitivity group captured meaningful differences in VIMS 471 

responses at the global level - that is, before decomposing effects by the vection sensitive group. This step was 472 

intended to establish whether the categorical approximation introduced by clustering retained functional relevance 473 

when applied to discomfort outcomes, thereby justifying the group-specific analyses that follow. 474 

 475 

MISC. The model (conditional R² = 0.65; marginal R² = 0.22) revealed a robust main effect of time (β = 0.16, 476 

95% CI [0.13, 0.19], p < .001), reflecting progressive discomfort accumulation during immersion, and a significant 477 

FoV × Time interaction (β = 0.06, 95% CI [0.02, 0.11], p < .01), indicating steeper symptom buildup under 478 

peripheral stimulation (Fig.7). A significant main effect of vection sensitivity (β = -0.55, 95% CI [-1.07, -0.03], p 479 

< .05), and a significant RF × Vection sensitive group interaction (β = 0.42, 95% CI [0.20, 0.65], p < .001) 480 

confirmed that the protective effect of gravity-referenced framing on discomfort was not uniform across groups. 481 

All remaining interactions were non-significant (all p ≥ .068). 482 

 483 

 484 

Fig. 7 MISC (Misery-Scale) discomfort scores across experimental conditions and exposure time 485 

 486 

Note. Time course of mean MISC scores plotted minute-by-minute over the 8-minute exposure period for each of 487 

the four experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-488 
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ref/Peripheral (dashed red), and Gravity-ref/Central (dashed blue). Error bars represent 95% confidence intervals. 489 

Significance levels are indicated as follows: * p < .05, ** p < .01, *** p < .001. 490 

 491 

SSQ. The model (conditional R² = 0.55; marginal R² = 0.19) yielded a significant main effect of vection sensitive 492 

group (β = -4.62, 95% CI [-7.01, -2.22], p < .001) and a significant RF × vection sensitive group interaction (β = 493 

4.90, 95% CI [2.39, 7.41], p < .001), closely mirroring the MISC pattern. Although gravity-referenced framing 494 

was globally associated with lower SSQ scores (β = -9.06, 95% CI [-13.45, -4.68], p < .001), this benefit varied 495 

substantially across vection sensitive groups. FoV and all remaining interactions were non-significant (all p ≥ 496 

.126). 497 

 498 

MSAQ. The model showed moderate fit (conditional R² = 0.40; marginal R² = 0.14), with no significant main 499 

effects or interactions (all p ≥ .070). A trend-level effect of vection sensitive group membership (β = -2.31, 95% 500 

CI [-4.80, 0.19], p = .070) was observed, consistent in direction with the MISC and SSQ findings. 501 

 502 

The convergent RF × vection sensitive group interactions across MISC and SSQ, supported by a directionally 503 

consistent trend in the MSAQ, establish vection sensitivity as a functionally meaningful moderator of VIMS 504 

outcomes. Rather than treating inter-individual variability as residual noise, these results indicate that vection-505 

derived sensitivity profiles capture a systematic source of heterogeneity in participants' responses to the visual 506 

manipulations. The following section decomposes these effects within each vection sensitive group to identify the 507 

specific conditions under which each manipulation influences VIMS severity. 508 

 509 

3.4.2. Vection sensitivity modulating the effects of reference frame and field of view 510 

 511 

Having established that vection sensitive group membership moderated VIMS responses at the global level, we 512 

now examine the effects of RF and FoV separately within each group. This decomposition aims to characterize 513 

the conditions under which each visual manipulation exerts its influence on discomfort, and to determine whether 514 

the two vection sensitive groups show qualitatively distinct response profiles. 515 

 516 

MISC. In the vection low-sensitive group (n = 26; conditional R² = 0.57; marginal R² = 0.17) (Fig.8.a), only the 517 

main effect of time was significant (β = 0.13, 95% CI [0.09, 0.17], p < .001); neither RF nor FoV, nor any of their 518 

interactions with time, reached significance (all p ≥ .170). In the vection high-sensitive group (n = 12; conditional 519 

R² = 0.74; marginal R² = 0.23) (Fig.8.b), discomfort accumulated robustly over time (β = 0.23, 95% CI [0.17, 520 

0.29], p < .001), with a significantly steeper increase under peripheral FoV (FoV × Time: β = 0.11, 95% CI [0.03, 521 

0.20], p < .01) and a relative attenuation under gravity-referenced framing (RF × Time: β = -0.09, 95% CI [-0.18, 522 

-0.007], p < .05). All remaining interactions were non-significant (all p ≥ .272).  523 
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 524 

 525 

Fig. 8 MISC scores across experimental conditions as a function of exposure time and vection sensitivity 526 

 527 

Note. (a) Low-sensitivity group (n = 26) and (b) high-sensitivity group (n = 12). Time course of mean MISC 528 

(Misery-Scale) scores plotted minute-by-minute over the 8-minute exposure period for each of the four 529 

experimental conditions: Head-ref/Peripheral (solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral 530 

(dashed red), and Gravity-ref/Central (dashed blue). Error bars represent 95% confidence intervals. 531 

 532 

SSQ. In the vection high-sensitive group (n = 12; conditional R² = 0.54; marginal R² = 0.20), gravity-referenced 533 

framing was associated with substantially lower post-exposure SSQ scores (β = -4.17, 95% CI [-6.54, -1.79], p < 534 

.001), while neither FoV (p = .527) nor the RF × FoV interaction (p = .170) reached significance (Fig.9.a). Subscale 535 

analyses (Fig.9.b) revealed that this overall benefit of gravity-referenced framing was carried by two partially 536 

distinct mechanisms. For the Nausea subscale (conditional R² = 0.56; marginal R² = 0.25), independent main 537 

effects of RF (β = -1.17, 95% CI [-2.18, -0.16], p < .05) and FoV (β = 1.33, 95% CI [0.32, 2.34], p < .05) were 538 

observed, with no significant interaction (p = .415): gravity-referenced framing reduced nausea symptoms, while 539 

peripheral stimulation independently increased them. For the Oculomotor subscale (conditional R² = 0.45; 540 

marginal R² = 0.16), a significant main effect of RF (β = -3.00, 95% CI [-4.78, -1.22], p < .01) was qualified by a 541 

significant RF × FoV interaction (β = 2.92, 95% CI [0.40, 5.44], p < .05). Post-hoc comparisons revealed that the 542 

oculomotor benefit of gravity-referenced framing was driven specifically by the central field of view condition: 543 

the Head-ref/central condition yielded significantly higher oculomotor scores than the Gravity-ref/central 544 

condition (estimate = 3.00, p < .05), whereas no significant differences were observed between the Head-545 

ref/peripheral and Gravity-ref/peripheral conditions (estimate = 0.67, p = 1.000), nor between the two gravity-546 

referenced conditions (Gravity-ref/central vs. Gravity-ref/peripheral: estimate = -2.33, p = .075). This pattern 547 

suggests that the oculomotor relief conferred by gravity-referenced framing was selectively present when 548 

stimulation was confined to the central visual field and was effectively abolished under peripheral stimulation. 549 

In the vection low-sensitive group (n = 26; conditional R² = 0.50; marginal R² = 0.07), no effect of RF was found 550 

on overall SSQ scores (p = .280), but a significant main effect of FoV emerged (β = 1.77, 95% CI [0.44, 3.10], p 551 

< .01), indicating higher post-exposure scores under peripheral stimulation. Subscale analyses confirmed that this 552 

FoV effect was primarily driven by the Oculomotor dimension (β = 1.12, 95% CI [0.16, 2.07], p < .05; conditional 553 

R² = 0.46; marginal R² = 0.04), with no significant effect on the Nausea subscale (all p ≥ .064). Neither the RF × 554 

FoV interaction nor any other term reached significance in either subscale model within this group (all p ≥ .204). 555 
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 556 

 557 

Fig. 9 SSQ scores across experimental conditions as a function of vection sensitivity 558 

 559 

Note. (a) Global SSQ scores, (b) Oculomotor subscale scores, and (c) Nausea subscale scores for the low-560 

sensitivity group (n=26) and high-sensitivity group (n=12). Mean scores for the Head-ref and Gravity-ref 561 

conditions are shown separately for Peripheral (red) and Central (blue) display types. Semi-transparent individual 562 

participant scores are displayed with connected lines linking paired observations across conditions. Markers 563 

represent condition means, and error bars indicate 95% confidence intervals around the mean. In both sensitivity 564 

groups, a crossover pattern is observed across experimental conditions. Significance levels are indicated as 565 

follows: * p < .05, ** p < .01, *** p < .001. 566 

 567 

These subscale-level findings refine the interpretation of the overall SSQ pattern. In vection high-sensitive 568 

individuals, gravity-referenced framing reduced both nausea and oculomotor discomfort, but the oculomotor 569 

benefit was conditional on central field stimulation - an interaction absent for the nausea dimension, where RF and 570 

FoV exerted independent additive effects. In vection low-sensitive individuals, the adverse effect of peripheral 571 

stimulation on global SSQ scores was attributable specifically to increased oculomotor load, with no corresponding 572 

effect on nausea. Taken together, these results suggest that the two subscales are differentially affected by the 573 

experimental manipulations: nausea appears more responsive to the spatial coherence of the reference frame, while 574 

oculomotor symptoms reflect the combined influence of visual stimulation zone and reference frame stability in a 575 

susceptibility-dependent manner. 576 

 577 

MSAQ. In neither Vection sensitive group did RF, FoV, or their interaction reach significance (all p ≥ .100) 578 

(Fig.10). In the vection high-sensitive group, the direction of the RF effect (β = -2.37) remained consistent with 579 

the MISC and SSQ patterns, suggesting a trend toward reduced post-exposure symptoms under gravity-referenced 580 

framing, albeit below conventional thresholds. This pattern of weaker MSAQ sensitivity was consistent across 581 

both groups and aligns with the global-level findings reported above. 582 
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 583 

 584 

Fig. 10 MSAQ scores across experimental conditions as a function of vection sensitivity 585 

 586 

Note. (a) Global MSAQ total scores for the low-sensitivity group (n=26, left) and high-sensitivity group (n=12, 587 

right). Mean scores for the Head-ref and Gravity-ref conditions are shown separately for Peripheral (red) and 588 

Central (blue) display types. Semi-transparent individual participant scores are displayed with connected lines 589 

linking paired observations across conditions. Markers represent condition means, and error bars indicate 95% 590 

confidence intervals around the mean. (b) Radar plots depicting mean scores for each of the four MSAQ subscales 591 

- Central, Peripheral, Gastric, and Sopite-related - across the four experimental conditions: Head-ref/Peripheral 592 

(solid red), Head-ref/Central (solid blue), Gravity-ref/Peripheral (dashed red), and Gravity-ref/Central (dashed 593 

blue), shown separately for the low-sensitivity group (up) and the high-sensitivity group (down).  594 

 595 

Across MISC and SSQ outcomes, a consistent and conceptually coherent pattern emerges from the vection 596 

sensitive group specific analyses. Vection high-sensitive individuals were affected by both the temporal dynamics 597 

of discomfort and the reference frame manipulation: gravity-referenced framing attenuated VIMS accumulation 598 

and reduced post-exposure severity in this group, while peripheral stimulation accelerated symptom onset. Vection 599 

low-sensitive individuals, by contrast, showed a more restricted profile, with only a modest but reliable adverse 600 

effect of peripheral FoV on post-exposure SSQ scores, and no meaningful modulation by reference frame. Taken 601 

together, these findings validate the functional relevance of the vection-derived clustering and support a 602 

susceptibility-dependent model of VIMS, in which reference frame constitutes an effective mitigation lever 603 

primarily for individuals prone to strong vection-induced discomfort.  604 
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4. Discussion 605 

The present study investigated how field of view and spatial reference frame influence visually induced self-606 

motion perception and visually induced motion sickness during immersive virtual reality exposure. Specifically, 607 

we examined the effects of central versus peripheral visual stimulation and head- versus gravity-referenced 608 

environments on vection, presence, VIMS, and behavioral responses. Several converging findings emerged from 609 

the analyses. 610 

First, the experimental manipulations successfully modulated vection and presence without substantially affecting 611 

task performance or perceived workload, confirming that the observed perceptual differences reflect genuine 612 

responses to the visual manipulations rather than confounds related to task demand. Second, vection responses 613 

exhibited marked inter-individual variability, giving rise to two distinct sensitivity profiles that differentially 614 

modulated the effects of the experimental factors. Third, vection and presence were positively associated across 615 

conditions, with the strength of this relationship depending on the spatial configuration of the visual scene. Finally, 616 

VIMS outcomes were consistently modulated by vection sensitivity, with reference frame effects on discomfort 617 

emerging selectively in vection high-sensitive individuals, while peripheral stimulation exerted an independent 618 

adverse effect in vection low-sensitive individuals. Together, these findings support a susceptibility-dependent 619 

model of visually induced motion sickness in which the perceptual and comfort consequences of visual motion 620 

parameters cannot be fully understood without accounting for individual differences in vection sensitivity. 621 

4.1. Vection-presence relationship: virtual scene characteristics matter 622 

Across the full sample, vection intensity was positively associated with subjective presence, replicating the 623 

frequently reported link between compelling self-motion perception and the sense of "being there" in a virtual 624 

environment (Allison and Palmisano, 2025; Dizmen and So, 2023; Lin et al., 2002; Park and Koo, 2025). However, 625 

condition-specific analyses revealed that this relationship was not uniform across experimental configurations. 626 

The vection-presence correlation was strongest and most robust in both head-referenced conditions, attenuated but 627 

significant in the Gravity-ref/Peripheral condition, and absent in the Gravity-ref/Central condition. 628 

This modulation suggests that the coupling between self-motion perception and presence is not an invariant 629 

property of vection per se but depends on the broader sensory (visual) context in which self-motion is experienced. 630 

In head-referenced environments, where the optic flow is spatially anchored to the observer's head, vection and 631 

the feeling of environmental immersion may co-vary more tightly because both are driven by the same egocentric 632 

motion signal. In gravity-referenced environments -particularly under central stimulation, which produced the 633 

weakest vection-presence link- the stabilizing effect of allocentric orientation cues may partially decouple the 634 

perceptual experience of self-motion from the cognitive sense of environmental presence. Some authors have 635 

proposed that presence emerges primarily from cognitive engagement and sensorimotor contingency, rather than 636 

from self-motion cues alone (Wei et al., 2018; Yip and Saunders, 2023); the present results suggest that these two 637 

pathways may be differentially recruited depending on how the visual scene is spatially organized in the virtual 638 

world.  639 
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4.2.  Vection Responses: Interaction Effects and Individual Differences 640 

Overall, both reference frame and field of view exerted significant main effects on vection strength, with head-641 

referenced and peripheral conditions respectively associated with stronger self-motion perception. Critically, 642 

however, these effects were qualified by a significant RF × FoV interaction, reflecting a crossover pattern: 643 

peripheral stimulation enhanced vection relative to central stimulation in the head-referenced condition, whereas 644 

this relationship was reversed under gravity-referenced framing, where central stimulation elicited stronger vection 645 

responses. 646 

This dissociation suggests that the perceptual weighting of motion cues is not determined solely by the field of 647 

view but depends on how those cues interact with the broader spatial reference frame structuring the visual scene 648 

(Allison and Palmisano, 2025; Bringoux et al., 2009; Chung and Barnett-Cowan, 2023). In head-referenced 649 

environments, peripheral optic flow constitutes the dominant available cue for estimating self-motion, consistent 650 

with classical findings emphasizing the privileged role of the peripheral visual field - linked to the magnocellular 651 

"where" pathway - in large-field motion processing (Brandt et al., 1973; Dichgans and Brandt, 1978; Kim and 652 

Kim, 2019). In gravity-referenced environments, however, the global scene provides stronger allocentric 653 

orientation cues, potentially stabilizing the spatial representation of the environment and increasing the relative 654 

informativeness of foveal motion signals for self-motion estimation. This account aligns with "Rest Frame" 655 

theories, which propose that stable environmental features provide a consistent reference enabling the central 656 

nervous system to disambiguate self-motion from world-motion (Allison and Palmisano, 2025; Cao et al., 2018; 657 

Prothero et al., 1999). Under such conditions, central motion signals may become more tightly coupled to the 658 

stable background and thus more effective in driving vection, whereas peripheral signals lose part of their dominant 659 

role. 660 

The RF × FoV interaction was unchanged over the course of the exposure period, as evidenced by the non-661 

significance of all high-order interactions involving time. This temporal stability suggests that the differential 662 

weighting of visual stimulation zones across reference frames reflects a relatively stable perceptual mechanism 663 

rather than a dynamic recalibration process unfolding during immersion. 664 

Beyond average condition effects, vection responses exhibited substantial inter-individual variability, motivating 665 

a data-driven clustering approach. Converging evidence from statistical clustering supported the existence of two 666 

vection sensitive groups, namely a vection high-sensitive and a vection low-sensitive sub-sample. Crucially, the 667 

RF × FoV interaction on vection was significant in both vection sensitive groups, but its functional expression 668 

differed markedly. In vection high-sensitive individuals, significant post-hoc differences - most prominently a 669 

substantially higher vection in the Head-ref/Peripheral condition relative to the Gravity-ref/Peripheral condition - 670 

confirmed that the interaction translated into robust condition-level distinctions. In vection low-sensitive 671 

individuals, by contrast, the interaction reached significance but yielded no reliable pairwise differences, indicating 672 

a subtle pattern that did not manifest as discriminable condition effects within this group. The substantially higher 673 

marginal R² in the vection high-sensitive group further underscores that the fixed-effect structure of the RF × FoV 674 

interaction is primarily carried by individuals with heightened vection susceptibility. 675 
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These findings are consistent with previous work showing that susceptibility to visually induced self-motion varies 676 

widely across individuals (Allison and Palmisano, 2025; Pöhlmann et al., 2022), and that differences in perceptual 677 

style - specifically the tendency to rely on visual versus bodily cues for spatial orientation - may underlie these 678 

profiles (Barrett and Thornton, 1968; Chung and Barnett-Cowan, 2023). Individuals with higher field dependence 679 

may be more strongly driven by the global visual background and its spatial organization, rendering them more 680 

sensitive to manipulations that alter the reference frame or the relative salience of peripheral versus central motion 681 

signals (Bringoux et al., 2009; Kuiper et al., 2019). 682 

4.3. Emergence of Visually Induced Motion Sickness: vection sensitivity modulation 683 

Vection sensitivity membership proved to be a functionally meaningful moderator of VIMS outcomes across 684 

multiple instruments. At the global level, significant RF × Vection sensitive interactions were observed for both 685 

MISC and SSQ, indicating that the protective effect of gravity-referenced visual framing on discomfort was not 686 

homogeneous across the sample. Specific analyses on vection sensitive groups confirmed an asymmetric 687 

modulation: in vection high-sensitive individuals, the gravity-referenced condition was associated with 688 

substantially lower MISC accumulation rates and markedly reduced post-exposure SSQ scores, whereas no such 689 

benefit was observed in vection low-sensitive individuals. Conversely, peripheral field of view exerted an 690 

independent adverse effect on post-exposure SSQ scores in the vection low-sensitive group - an effect that was 691 

absent or overshadowed in vection high-sensitive participants, where reference frame dominated the VIMS 692 

response. 693 

The MSAQ did not robustly replicate these patterns in either vection sensitive group, although the direction of the 694 

RF effect in vection high-sensitive individuals was consistent with the MISC and SSQ findings. This differential 695 

sensitivity across instruments is addressed in the following section. 696 

These findings have direct implications for the interpretation of the vection-VIMS relationship. Although vection 697 

correlated significantly with both MISC and SSQ scores across the full sample, this association was not uniform: 698 

its strength varied substantially as a function of individual sensitivity. In the vection high-sensitive group, the 699 

coupling between self-motion perception and discomfort was functionally tight - gravity-referenced framing 700 

attenuated both the temporal accumulation of VIMS and post-exposure severity, while peripheral stimulation 701 

accelerated symptom onset. In the low-sensitive group, by contrast, the link between vection and VIMS was 702 

considerably weaker, with only a modest and restricted effect of peripheral FoV on oculomotor discomfort and no 703 

meaningful modulation by reference frame. These findings are consistent with a growing literature challenging the 704 

assumption that vection is a necessary or sufficient condition for VIMS (Kuiper et al., 2019; Pöhlmann et al., 2022; 705 

Webb and Griffin, 2003). Rather than being directly causal, vection and VIMS likely share partially overlapping 706 

mechanisms related to multisensory integration and spatial reference frame stability (Allison and Palmisano, 2025; 707 

Chung and Barnett-Cowan, 2023). The present data extend this view by showing that the degree of coupling 708 

between vection and VIMS is modulated by individual susceptibility: vection high-sensitive individuals appear to 709 

experience a tighter functional link between self-motion perception and discomfort, rendering them more 710 

responsive to reference frame manipulations as a mitigation strategy.  711 
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4.4. Complementarity and differential sensitivity of VIMS assessment tools 712 

An important methodological contribution of the present study concerns the comparative sensitivity of the three 713 

VIMS instruments employed. Strong convergent validity was observed between the MSAQ and SSQ, consistent 714 

with previous meta-analytic evidence of high agreement among multi-item retrospective questionnaires (Allison 715 

and Palmisano, 2025; Park and Koo, 2025). The moderate correlations between the MISC and the post-exposure 716 

questionnaires, however, confirm that continuous in-immersion ratings and retrospective global assessments 717 

capture partially distinct dimensions of the sickness experience (Kuiper et al., 2019). While questionnaires 718 

aggregate symptoms into a single cumulative score, the MISC captures the temporal dynamics of discomfort onset 719 

and progression - a feature that proved particularly informative in the present study, where significant FoV × Time 720 

and RF × Time interactions within the vection high-sensitive group revealed differential accumulation trajectories 721 

across conditions that would have been invisible to a purely post-hoc assessment approach (Cao et al., 2018; 722 

Fernandes and Feiner, 2016). 723 

Beyond this general convergence, the three instruments also differed in their sensitivity to the specific experimental 724 

manipulations. The SSQ was primarily responsive to the field of view factor, with peripheral stimulation associated 725 

with higher scores - a pattern consistent with the SSQ's historical development for simulator contexts where visual 726 

display characteristics, including field of view and optic flow intensity, are primary drivers of disorientation and 727 

oculomotor disturbance (Allison and Palmisano, 2025; Bouchard et al., 2009). The MSAQ, by contrast, showed a 728 

trend toward sensitivity to the reference frame manipulation, with lower scores in the gravity-referenced condition 729 

in vection high-sensitive individuals. Given that the MSAQ was originally developed to assess motion sickness 730 

across a broad range of multidimensional motion environments, including real-world transport contexts (Gianaros 731 

et al., 2010), it may be more attuned to factors affecting perceived spatial orientation and the alignment of 732 

egocentric and gravitational references (Bringoux et al., 2009; Chung and Barnett-Cowan, 2023). However, the 733 

MSAQ's overall weaker responsiveness to the experimental factors suggests that its sensitivity may be better suited 734 

to paradigms involving physical motion or vestibular stimulation than to purely visually induced conditions such 735 

as those examined here. 736 

Taken together, these results confirm that the three instruments provide complementary rather than redundant 737 

information: the SSQ is particularly responsive to visual display characteristics, the MSAQ may capture aspects 738 

of spatial disorientation more broadly, and the MISC offers the critical advantage of temporal resolution. The 739 

concurrent use of all three instruments thus enables a more complete characterization of VIMS than any single 740 

tool would allow. 741 

4.5. Toward a vection susceptibility-dependent model of VIMS in VR 742 

Considered jointly, the present findings support a model in which the perceptual and comfort consequences of 743 

visual motion parameters in VR are not uniform across observers but are shaped by individual susceptibility to 744 

vection. In vection high-sensitive individuals, the visual manipulation exerts coordinated effects on both self-745 

motion perception and discomfort, with reference frame emerging as a primary determinant of VIMS severity. In 746 

vection low-sensitive individuals, the effects of reference frame are attenuated or absent, while peripheral 747 

stimulation acts as an independent sensory factor with modest but reliable adverse consequences. This dissociation 748 
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suggests that the mechanisms linking visual motion parameters to VIMS operate through at least two partially 749 

distinct pathways: one tied to the strength and coherence of the vection signal and its interaction with spatial 750 

reference systems, and another related to more peripheral sensory processing of optic flow, independent of 751 

compelling self-motion perception. 752 

From a practical standpoint, these results suggest that reference frame manipulations - specifically the use of 753 

gravity-anchored visual environments in VR - may constitute an effective mitigation strategy for VIMS, but 754 

primarily for individuals who are prone to strong vection sensations. For vection low-sensitive users, managing 755 

the spatial extent of peripheral stimulation may be a more relevant design lever. Future work employing 756 

prospective screening of vection sensitivity, alongside computational models of multisensory integration, may help 757 

refine these profiles and translate them into personalized VR adaptation strategies. 758 

5. Limitations and Conclusion 759 

 760 

The present study has some limitations that nevertheless warrant consideration. First, individual differences in 761 

perceptual style - and more specifically, field dependence-independence - were not assessed prior to the 762 

experimental sessions. Field dependence, which characterizes the extent to which individuals rely on visual rather 763 

than vestibular or proprioceptive cues for spatial orientation (Isableu et al., 2010), is likely to modulate vection 764 

sensitivity and may therefore account for part of the inter-individual variability observed in the present data. Future 765 

research should systematically measure this perceptual style, as it may help identify meaningful subgroup 766 

differences in both immersion and VIMS susceptibility. Second, the virtual environment displayed in this study 767 

was deliberately kept visually sparse, relying on low-level optic flow stimuli with minimal semantic content and 768 

limited environmental complexity. Although this approach affords experimental control and ensures replicability, 769 

it may constrain the ecological validity of the findings and limit their generalizability to more visually rich and 770 

contextually complex VR scenarios encountered in real-world applications. Third, the present study employed a 771 

passive viewing paradigm in which participants remained stationary throughout the experimental session. While 772 

this design allowed for precise control of visual input, it does not capture the full complexity of real-world 773 

conditions in which self-motion perception arises from the concurrent stimulation of visual, vestibular, and 774 

proprioceptive channels. Extending the present paradigm to contexts where observers are subjected to actual 775 

physical motion - such as dynamic driving simulators or naturalistic in-vehicle settings - would constitute a critical 776 

next step toward establishing the ecological validity of these findings and evaluating their translational relevance 777 

for applied domains in which managing the interplay between vection, presence, and discomfort carries direct 778 

practical consequences. 779 

Despite these considerations, the present study demonstrates that the effects of visual parameters such as peripheral 780 

stimulation and spatial reference frames may differ according to individual vection sensitivity profiles. Accounting 781 

for these differences may represent an important step toward the development of adaptive VR systems capable of 782 

optimizing immersion while minimizing VIMS. Overall, these findings contribute to a better understanding of the 783 

perceptual mechanisms underlying immersive self-motion and provide valuable insights for the design of virtual 784 

environments that balance strong presence with acceptable levels of user comfort. Such findings could be indeed 785 

of particular promise for ecologically grounded applications in which visual self-motion cues interact with real 786 

physical motion, such as in driving simulation or in-vehicle displays.  787 
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