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Visually Induced Roll Circular Vection: Do Effects of Stimulation Velocity Differ for Supine and Upright Participants?
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Visually induced circular vection (CV) has been the subject of a wide range of functional brain and behavioral research. Participants in MRI or PET studies on CV were mostly in a supine viewing position, while participants in behavioral studies on CV were mostly in an upright viewing position. This study examines the effects of viewing positions (upright and supine) on roll CV reported by 16 participants while watching random dots (92 × 60 degrees field-of-view) rotating at different angular velocities (2, 4, 8, 16, 32, 64 deg/s) for 30 s. Viewing positions affected roll CV durations differently depending on the stimulation velocities. At slower velocities (2, 4, and 8 deg/s), participants exhibited significantly longer roll CV sensations when they were sitting in an upright position as opposed to lying in a supine position. The onset of roll CV was also significantly earlier with participants in an upright position despite similar roll CV intensities in both viewing positions. Significant two-way interactions between effects of viewing positions and dot rotating velocities for some conditions were noted. Consistency between current findings and the hypothesis predicting a weaker roll CV in upright positions based upon perceived gravity by the otolith organs is discussed.
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INTRODUCTION

Watching a wide, coherently moving scene can stimulate an illusion of self-motion in the opposite direction known as vection (Dichgans and Brandt, 1978; Hettinger et al., 2014; Palmisano et al., 2015). A common example of vection is the “train illusion.” When passengers sitting in a stationary train watch a neighboring train moving, they often have the compelling sensation that their train is moving in the opposite direction while the neighboring train appears to be stationary. Vection is also a common perception experienced by virtual reality users. For those users who are susceptible to visually induced motion sickness (VIMS), the same moving scenes that can provoke vection have been reported to provoke VIMS and/or cybersickness (Hettinger et al., 1990; So et al., 2001; Smart Jr et al., 2002).

According to its moving direction, vection can be further classified as linear vection (Giannopulu and Lepecq, 1998; Trutoiu et al., 2009; Chen et al., 2016) or circular vection (CV) (Young et al., 1975; Allison et al., 1999; Ji et al., 2009). The occurrence of vection involves inputs from visual, vestibular, proprioceptive, and other somatosensory organs (Dichgans and Brandt, 1978; Warren and Wertheim, 1990). In particular, the vestibular system and visual system play a leading role in the perception of vection (Benson et al., 1986; Brandt et al., 1998; Deutschländer et al., 2004). As the human vestibular system responds to acceleration, changing the head orientation relative to the direction of the gravitational force may affect the levels of perceived vection.

CV has been the focus of many behavioral studies. Earlier research utilized CV as a tool to study the effect of gravity on visual vestibular interaction (Young et al., 1986a,b; Cheung and Howard, 1990; Young and Shelhamer, 1990). Viewing positions were found to affect both CV and the sensations of tilt (Young et al., 1975). An explanation related to otoliths was given. Specifically, if otolith responses to gravitational acceleration conflict with any perceived CV, sensations of CV will be suppressed. This suggests weaker roll CV to be perceived when participants adopt an upright viewing position as compared to a supine position. A review of literature indicates that most behavioral studies on vection instructed their participants to observe visual stimulation only in upright positions (Kim and Khuu, 2014; Chen et al., 2016; Palmisano and Riecke, 2018; Keshavarz et al., 2019; Fujimoto and Ashida, 2020; Weech et al., 2020). Specifically, most past research on effects of velocity on CV only asked participants to adopt an upright viewing position (Brandt et al., 1973; Held et al., 1975; Ujike et al., 2004). This is understandable as vection-provoking stimuli typically appear from VR applications that are usually viewed in upright positions. However, many PET and MRI studies on vection were conducted with participants in supine viewing positions due to constraints of the scanners (Brandt et al., 1998; Kleinschmidt et al., 2002; Cardin et al., 2012; Uesaki and Ashida, 2015). The use of different viewing positions aggravates the challenge of integrating their findings given the existing differences in research methodology (Berti and Keshavarz, 2020). In particular, if the viewing position does affect CV sensations, its effects and the interactions with other factors influencing CV should be investigated.

Unfortunately, there is a gap in the research on exactly how viewing position affects roll CV. Young et al. (1975) studied the tilt sensation of participants when they watched random rectangles rotating at different velocities (5–60 deg/s) in different viewing positions: upright; head-inverted (“upside-down”); head forward 25 degrees and head tilted to the right. They noted that when a participant was asked to tilt the head forwards at an angle of 25 degrees, the perceived tilting sensation was reduced (Young et al., 1975). The phenomenon was explained by the alignment between the dominant plane of utricular otolith and the earth-horizontal plane. It was suggested that by aligning the two planes, otolith responses to the gravity might have been maximized and they suppressed the visually induced roll CV. Their results supported a conclusion that visually induced tilt depended on head orientation; however, their study did not investigate actual effects of a supine viewing position. In later investigations concerning weightlessness in space flights, effects of viewing visual roll stimulation in both supine and upright positions were examined (Young et al., 1986b; Young and Shelhamer, 1990). As the space flight research focused on gravity conditions, there was limited comparison between data collected in supine and upright positions. Nonetheless, the presence of gravity was shown to suppress roll CV sensation in both viewing positions and the suppression effect was stronger in upright positions. This led to the hypothesis that if gravitation vestibular cues were in conflict with roll CV sensations, the latter would be suppressed. As such, roll CV experienced in a supine position should be more robust than that experienced in an upright position because there was less suppression from the otolith cues in the supine position. It can be hypothesized that, given all conditions equal, roll CV in an upright position will be weaker than that in a supine position. Cheung and Howard (1990) compared the CV magnitude provoked by random dots rotating at 45 deg/s among participants in a supine and an upright position experiencing microgravity, hypergravity and normal gravity. From the reported results from all gravity conditions, the average roll CV intensity measured in the supine position was slightly higher than that in the upright position; however, statistical comparison was not reported (Cheung and Howard, 1990). Tanahashi et al. (2012) examined the effects of body positions (supine, left lateral recumbent and sitting upright) on CV induced by viewing scenes rotating in roll, yaw, and pitch axes at a constant angular velocity of 60 deg/s. Their results indicated that the reported intensity of roll CV was higher when participants were in an upright position than that in a supine position, which conflicts with the prediction from our hypothesis.

In this paper, we report our studies and comparisons of roll CV perception when participants were viewing dots rotating in different velocities and in an upright and a supine viewing position. Possible two-way interactions between the effects of viewing positions and stimuli velocities are examined.



METHODS

The experiment was approved by the Human Research Ethics Committee of the Hong Kong University of Science and Technology and written consents were obtained from all participants.


Participants

Sixteen healthy university students (five females, 11 males) aged between 22 and 26 years old (mean = 24, SD = 1.1) participated in the experiment. All participants had normal or corrected-to-normal. The sample size was supported by a power analysis based on data reported by Tanahashi et al. (2012) and is compatible with past studies on vection (Chen et al., 2016: n = 13; Palmisano and Riecke, 2018: n = 16; Tanahashi et al., 2012: n = 7, 4, and 4).



Apparatus and Stimulus

Figures 1, 2 illustrate the experimental setup and the stimulus. The random-dot pattern was adapted from Brandt et al. (1998). This stimulus has been commonly used in functional brain studies of CV (Deutschländer et al., 2004; Antal et al., 2008; Reinhart et al., 2016) and has been shown to induce visually induced motion sickness among participants who viewed the stimulus for 20 min (Zhao, 2017). The random-dot pattern had a total of 839 black dots of sizes ranging from 0.6 to 1.6 degrees on a light-gray background and with a dark-gray central disk for eye fixation. All participants followed the eye fixation instruction as their eye gazes, measured by an EyeTech TM3 eye monitoring system, fell within the area of the dark-gray fixation disk for all trials. The random-dots rotated in the counter-clockwise direction according to the assigned velocity. During the resting condition, only the light-gray background and the dark-gray central disk were shown and the pattern remained stationary. Each condition consisted of a 30 s stimulus period followed by a 20 s resting period. The movement of the stimulus pattern, displayed on the 46-inch LCD monitor, was controlled by a C++ program using OpenGL libraries running on a PC with GPU. The field-of-view of the stimuli was 92 degrees horizontally and 60 degrees vertically and the viewing distance was maintained at 50 cm from the center of LCD monitor. A key pad was used to collect responses from the participants. All experiments were conducted in the absence of any light sources.


[image: Figure 1]
FIGURE 1. (Top left) A photo of the apparatus when participants were in the upright positions; (top right) a photograph of a participant in the upright position. The light would be off during the experiment); (bottom left) a photograph of the apparatus when participants were in supine positions; and (bottom right) a photograph of a participant in a supine position. The light would be turned off during the experiment.
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FIGURE 2. Snap shots of the stimulus in the resting period (left) and in the stimulus condition (right), in which the arrows do not show during the experiment and just indicate the rotation direction of the dots pattern.




Experimental Design

A within-subject design was adopted. Exhaustive combinations of six velocity levels (2, 4, 8, 16, 32, 64 degree/s), two viewing positions (upright, supine); and six repeated trials were tested in the experiment. A total of 72 conditions (six velocities × two positions × six repeats) were presented over two separate days, with 36 conditions (six velocities × six repeats) for the same viewing positions on a single day. To minimize possible fatigue, the six trials were separated into six sessions with a 5-min break between each session. Within one session, the order of presenting the six velocity conditions was randomized. The order of presenting the position was counterbalanced so that half of the participants were in a supine viewing position first while the remaining were in an upright viewing position first. The separation of the two exposure days ranged from 3 to 6 days.



Procedures and Measurements

Two training sessions, one for each viewing position, were conducted to acquaint participants with the instructions and the experimental tasks. Participants were given 5 min to adapt to the darkness. Studies have shown that auditory motion cues can affect CV sensation (Campos et al., 2018). In order to control the auditory environment, each participant worn a pair of sponge earplugs (NRR value: 29 dB) to block out background noise.

During the experiment, participants were required to stare at the dark-gray central disk from the outset to the end. During the period of watching rotating dots, participants needed to keep pressing the key “a” or “b” to give an assessment of roll CV intensity as soon as they experienced any sensations of self-motion (“a”: participants feel both object and self-motion; “b”: participants feel only self-motion). Either pressing “a” or “b” was taken as a vection status, and pressing “b” was additionally recorded as full CV status (full-CV). No keypress indicated no sensation of CV. In subsequent analysis, we focused on CV (both “a” and “b” pressing) including both full CV and non-full CV. During the period of resting, no keypress was required but they needed to verbally report the CV intensity to the experimenter using a scale from 1 to 5 (Table 1). Between sessions, participants were allowed to have a 5-min rest. All six sessions were conducted consecutively on 1 day.


Table 1. Scaling of 5-level vection rating (Webb and Griffin, 2003).
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The keypress data were analyzed to extract CV onset time, accumulated CV duration, average CV duration, and CV frequency. Each continuing roll CV sensation reported however short was counted as one occurrence of CV sensation. Average CV duration was the average of the duration of each CV occurrence per participant per condition. Accumulated CV duration was calculated by the sum of intermittent duration in each stimulus condition (30 s). Similarly, the CV frequency referred to the number of times the participant experienced roll CV during each condition. For example, during a 30 s stimulation, if a participant reported roll CV from the 10th second to the 13th second and from the 20th second to the 22nd second, the CV frequency would be two, while the average and accumulated CV durations for this trial would be 2.5 and 5 s, respectively.



Data Analysis

Nonparametric statistical analyses were conducted since the data violated the normality assumption (Shapiro-Wilk test, p < 0.05). More specifically, analysis of variance of Aligned Rank Transformed (ART) data was used (ARTool: Wobbrock et al., 2011) to study the effects of viewing position, stimulation velocity and their two-way interactions. Friedman test and pairwise Wilcoxon Signed Ranks test were also used to analyze the effects of velocity and position. Post hoc analysis with Bonferroni correction was applied to address the multiple comparison problem. The data analysis software R 3.2.3 with package ARTool and IBM SPSS Statistics v26 were used.




RESULTS

Effects of repeated trials were significant on accumulated CV duration [F(5,75) = 2.316, p = 0.042], CV frequency [F(5,75) = 2.352, p = 0.039] and CV onset time [F(5,75) = 2.917, p = 0.013]. When the first three trials were removed, the effects of repeated trials were not significant. For subsequent analyses, data collected in the last three trials were averaged to give better mean estimations. The median CV measurements collected in two viewing positions and six velocity conditions are shown in Figure 3 with inter-quartile ranges. In the following sections, main effects of position and velocity and their interaction effects will be examined by ART ANOVA first followed by additional analysis.


[image: Figure 3]
FIGURE 3. Results of (A) accumulated CV duration; (B) average duration of CV; (C) CV Intensity; (D) onset time of CV and (E) CV frequency in the supine (red) and upright (blue) viewing positions. The values for median, 1st quartile and 3rd quartile were calculated based on the means collected from the last three trials of 16 participants. Statistically significant pairwise comparison results (with Bonferroni correction) were labeled with arrows and asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).



Analysis of Variance With Aligned Rank Transform

Results of repeated measures two-way ART ANOVA indicated that the overall interaction effects between viewing position and stimulation velocity were not significant among all five roll CV measurements (Table 2).


Table 2. Results of ART ANOVA on roll CV measurements.
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With repeated measures two-way ART ANOVA on roll CV measurements, significant main effects of position were revealed on accumulated CV duration, average CV duration and onset time of CV (Table 2). The roll CV durations in an upright viewing position were generally longer than those in a supine viewing position. In a supine viewing position, the participants perceived roll CV later than when they were in an upright viewing position.

The main effects of stimulation velocity over the two viewing positions were found to be significant for all five roll CV measurements: accumulated CV duration, averaged CV duration, CV frequency, onset time, CV intensity (Table 2). Post hoc analyses with Bonferroni adjustment on stimulation velocity levels were conducted to investigate the differences between each pair of stimulation velocities. Both accumulated and average CV duration reported in the 2 deg/s stimulation condition were shorter than those reported in conditions using higher stimulation velocities (accumulated CV duration: 2 and 8 deg/s, p < 0.001; 2 and 16 deg/s, p < 0.001; 2 and 32 deg/s, p < 0.001; 2 and 64 deg/s, p = 0.016; average CV duration: 2 and 8 deg/s, p = 0.001; 2 and 16 deg/s, p < 0.001; 2 and 32 deg/s, p < 0.001). Significantly shorter average duration was reported when participants were exposed to a stimulation velocity of 4 deg/s as compared to a stimulation velocity of 32 deg/s (4 and 32 deg/s, p = 0.018). Furthermore, more frequent CV occurrence and longer CV onset time were reported in conditions with a stimulation velocity of 2 deg/s than those reported in other velocity conditions (CV frequency: 2 and 4 deg/s, p = 0.017; 2 and 8 deg/s, p = 0.025; 2 and 16 deg/s, p = 0.016; 2 and 64 deg/s, p = 0.005; onset time: 2 and 4 deg/s, p = 0.026; 2 and 8 deg/s, p < 0.001; 2 and 16 deg/s, p < 0.001; 2 and 32 deg/s, p < 0.001; 2 and 64 deg/s, p < 0.001). As to CV intensity, stimulation conditions with a velocity of 2 or 64 deg/s resulted in significantly weaker roll CV than those with a velocity of 4, 8 and 16 deg/s (2 and 4 deg/s, p = 0.016; 2 and 8 deg/s, p = 0.003; 2 and 16 deg/s, p = 0.040; 64 and 4 deg/s, p < 0.001; 64 and 8 deg/s, p < 0.001; 64 and 16 deg/s, p < 0.001). In addition, CV intensity reported in conditions with a stimulation velocity of 32 deg/s was stronger than that reported in conditions with a stimulation velocity of 64 deg/s (32 and 64 deg/s, p = 0.028). In summary, significantly shorter CV durations, longer onset time and smaller CV frequency were reported in conditions with a stimulation velocity of 2 deg/s. Participants reported the highest CV intensity when watching the stimuli rotating at 8 deg/s.



Further Analysis

In the analysis results reported in section Analysis of Variance With Aligned Rank Transform, the overall interactions between effects of viewing positions and stimulation velocities were not significant. However, the absence of significant interaction is not consistent with Figure 3. Data curves collected from two viewing positions are not parallel to each other (Figure 3). To substantiate the observation, we analyze the main effects of stimulation velocity on data collected in different viewing positions separately. If there is a trend of interaction, the two main effects would be different. In addition, we grouped the data into low velocity (2, 4, and 8 deg/s) subgroup and high velocity (16, 32, and 64 deg/s) subgroup for further analyses of interactions (Figure 4).


[image: Figure 4]
FIGURE 4. Results of (A) accumulated CV duration; (B) average duration of CV; (C) CV Intensity; (D) onset time of CV and (E) CV frequency provoked by low-velocity stimuli (2, 4, and 8 deg/s) and high-velocity stimuli (16, 32, and 64 deg/s) in the supine (red) and upright (blue) viewing positions. The values for median, 1st quartile and 3rd quartile were calculated based on the means collected from the last three trials of 16 participants. Significant main effects of viewing position from ART ANOVA were labeled with arrows and asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).



Effects of Stimulation Velocity on Roll CV Reported in the Upright and Supine Positions

Results of Friedman tests on five roll CV measurements in upright conditions indicated significant main effects of velocity on CV intensity [χ2 (5) = 14.495, p = 0.013] and CV onset time [χ2 (5) = 19.698, p = 0.001]. Post hoc pairwise comparisons with Bonferroni correction found that the CV intensities at 4 and 64 deg/s were significantly different (p = 0.032). The onset time of roll CV induced by stimulation with a velocity of 2 deg/s was significantly longer than that of 64 deg/s (p = 0.001). For CV frequency, the velocity was only marginally significant [χ2 (5) = 10.982, p = 0.052] and it was not significant on CV durations (Accumulated CV duration: [χ2 (5) = 8.113, p = 0.150]; average CV duration: [χ2 (5) = 9.064, p = 0.107]). It should be noted that accumulated durations of roll CV remained long for most stimulation velocities (Figure 3: 20–24 s within the 30 s exposure for 4, 8, 16, 32, and 64 deg/s). Such a CV duration can be considered long and might have reached their ceiling levels because after adding the median onset times of 6 s (Figure 3), the total ranged from 26 to 30 s. This suggests little room for accumulated CV duration to increase further. For the condition at 2 deg/s, although the accumulated CV duration for the upright position was shorter (median: 10 s), the corresponding median onset time was significantly longer at 18 s and the sum of both reached 28 s. In other words, the lack of velocity effects should not be misinterpreted as lack of roll CV sensation. Rather, the insensitive to stimulation velocity could have been due to ceiling effect.

When participants adopted the supine position, roll CV measurements were much affected by stimulation velocity. Results of Friedman tests showed significant main effects of velocity on all five roll CV measurements: accumulated CV duration [χ2 (5) = 28.080, p < 0.001], average CV duration [χ2 (5) = 30.348, p < 0.001], CV frequency [χ2 (5) = 15.426, p = 0.009], CV intensity [χ2 (5) = 14.435, p = 0.013] and CV onset time [χ2 (5) = 37.138, p < 0.001]. From Figure 3, when participants viewed the roll CV provoking stimuli in the supine position, all roll CV measurements except onset time exhibited significant inverted-U shaped profiles as the velocity of the stimuli increased. Pairwise comparisons with Bonferroni correction showed that, as the velocity of the rotating dots increased from 2 to 32 deg/s, CV durations (both average and accumulated) increased significantly (Figures 3A,B). For CV intensity, the peak occurred at 8 deg/s (Figure 3C). As stimulation velocity increased, CV onset time reduced (Figure 3D). and CV frequency significantly increased when stimulation velocity switching from 2 to 4 deg/s (Figure 3E).

In summary, as stimulation velocity increased from 2 to 64 deg/s, reported roll CV became stronger, longer and with quicker onset times before they peaked and then reduced in intensity and duration at 64 deg/s. These effects of stimulation velocity were more significant among participants adopting the supine position. With the upright position, the effects of velocity were less significant because roll CV measurements reached their ceiling levels as the stimulation velocities increased to 4 deg/s and beyond.



Effects of Viewing Position Under Low and High Velocity Stimulation Conditions

To further examine the observed differences in effects of position as velocities changed, as depicted in Figure 3, roll CV measurements induced by high velocity stimuli (2, 4, and 8 deg/s) and low velocity stimuli (16, 32, and 64 deg/s) were analyzed separately (Table 3, columns entitled “Low velocities” and “High velocities” and Figure 4). Although the interaction effects remained not significant (Table 3), significant position effects were found only in data collected from low-velocity stimulation conditions. As shown in Figure 4, when stimulation velocities were low (2–8 deg/s), significantly shorter accumulated CV duration, shorter average CV duration and longer onset time were reported when participants adopted the supine position compared to the upright position (Table 3). When stimulation velocity was high (16–64 deg/s), the viewing position did not affect roll CV measurements (Table 3 and Figure 4).


Table 3. Results of ART ANOVA on roll CV induced by low-velocity and high-velocity stimuli (low velocities: 2, 4, and 8 deg/s; high velocities: 16, 32, and 64 deg/s).
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To further verify the observed dependency between the effects of position and stimulation velocity, ART ANOVA were conducted on CV durations and onset time collected from two stimulation velocity conditions. Results of repeated measures ART ANOVA showed significant two-way interactions on accumulated CV duration between 4 and 32 deg/s [F(1,45) = 4.904, p = 0.032]. Specifically, the reported increases in CV duration when the stimulation velocity switched from 4 to 32 deg/s were significantly larger in the supine position than that in the upright position (t = −2.214, p = 0.032). On the CV onset time, significant interaction was found between 4 and 8 deg/s [F(1,15) = 6.152, p = 0.017]. In the supine position, the onset time of roll CV induced by stimuli rotating at 4 deg/s was significantly longer than that induced by stimuli rotating at 8 deg/s (p = 0.048). Similar significant result was not found in the corresponding onset time data collected in the upright viewing condition. This suggests the relationship between stimulation velocity and roll CV measurements can depend on the viewing position.





DISCUSSION AND CONCLUSION

In this paper, we investigated the extrinsic effects of angular velocity (2, 4, 8, 16, 32, 64 deg/s) of provoking stimuli and viewing positions on the perception of roll CV. Two major findings are reported.


Major Finding 1: Stimulation Velocity Affects Roll CV Measurements in Different Ways Dependent on Viewing Positions

As the stimulation velocity increased from 2 to 64 deg/s, roll CV measurements were affected differently depending on the viewing positions. For the upright position, both average and accumulated CV durations reached substantial levels in all stimulation velocity conditions (10–23 s out of 30 s exposure time). This was not so for the supine position, when participants were supine and velocities were low (2–4 deg/s), significantly shorter CV durations (both average and accumulated) were reported. For both CV onset time and CV intensity, viewing positions did not change the ways that stimulation velocity affected them. Participants in both viewing conditions reported that they were moving in equal speeds, and in opposite direction of, the stimuli at all velocity conditions except for the 64 deg/s condition during which they reported significantly less roll CV (Figure 3). The CV intensity results collected in the upright position are consistent with Ujike et al. (2004) and Held et al. (1975) although both of their studies did not report statistical results. Brandt et al. (1973) used a cylindrical drum to induce yaw vection and reported that CV latency was independent of stimulation velocity (10–180 deg/s). In Brandt et al. (1973) experiments, CV latency ranged within 5 s for all different velocities. Our results agree with Brandt's finding except for 2 deg/s condition in which the reported CV latency (onset time) was 25 s. Brandt did not examine the 2 deg/s condition.

The results of this study uniquely fill the gap of reporting statistically verified results for multiple roll CV measurements (CV durations, CV onset times and CV intensities) provoked by viewing stimuli rotating at different velocities in an upright or supine viewing position. As highlighted by our results, CV durations and onset times are significantly sensitive to changes in stimulation velocities around 2 deg/s, while CV intensity is significantly sensitive to changes in stimulation velocities around 64 deg/s. These findings suggest that future roll CV studies should consider these different dependencies on stimulation velocity when they determine roll CV measurements and stimulation velocity.



Major Finding 2: Longer Durations, Shorter Onset Time and Higher Frequency of Roll CV Were Achieved When Participants Were Upright Compared to Supine at Lower Stimulation Velocities (2, 4, and 8 Deg/s)

In this study, significant longer CV durations were reported among participants in the upright position compared to those in the supine position with low stimulation velocities (2, 4, 8 deg/s, Figures 4A,B). When watching random dots rotating at 4 deg/s, the same participants in the upright positions reported 4 times longer CV duration (median: 20 s) than when they were in the supine positions (median: 5 s, Figure 3B). Further, when watching dots rotating at 2 deg/s for 30 s, participants in supine only exhibited 2 s (median) duration of roll CV verses 10 s when they were upright (Figure 3B). The CV onset times reported in upright conditions were shorter than those in supine conditions when the stimulation velocities were low (2, 4, and 8 deg/s). Especially with a stimulation velocity at 2 or 4 deg/s, those participants in the supine positions required significantly more time to develop the roll CV sensations. The short duration and long latency of roll CV could affect the validity of functional brain studies. In this study, we found evidence to suggest that we should avoid using dots rotating at 2 and 4 deg/s in a supine functional brain study on roll CV even though CV intensity were higher with dots rotating at 4 and 8 deg/s. In summary, viewing position can significantly affect CV duration and onset time when the stimulation velocity is low.

When participants were exposed to roll stimulation in an upright viewing position, both visual-otolith conflict and visual-semicircular canal conflict arise. When participants watching roll stimulation in a supine viewing position, the otolith cues were not expected to inhibit or confirm the self-motion illusion. Since a vection sensation is associated with visual-vestibular conflicts, it has been hypothesized that viewing position can significantly affect roll CV sensations and that CV duration at a supine position should be longer than that at an upright position. However, the exact opposite was found in our study. Tanahashi et al. (2012) reported that the strength of roll vection perceived in an upright viewing position was slightly but not significantly greater than that perceived in a supine viewing position. Cheung and Howard (1990) also did not report significant difference in roll vection intensity between two viewing positions. To a certain extent, their findings are consistent with the results from our experiments; we have extended their findings to lower velocities (2, 4, and 8 deg/s) with larger effects of viewing position found in CV duration and onset time. One possible explanation of why our findings do not agree with the otolith hypothesis that reported CV duration should be shorter in upright positions is that somatosensory and tactile cues are also involved. Young and Shelhamer (1990) suggested that tactile cue was found to inhibit vection in space flight. In addition, a few studies on linear also reported stronger or longer lasting self-motion illusion in upright positions (Guterman et al., 2012; Oyamada et al., 2020), where there was tactile difference but no difference in otolith conflicts between two positions. In our experiment, the tactile cues in the supine position indicated implicit stationary sensation and might have inhibited the self-motion illusion. At slow velocities (2–8 deg/s), the inhibition on roll CV by proprioceptive tactile cues in the supine position providing sensations of stationary might be more prominent than that by otolith in the upright position. Thus, the CV onset times were longer and CV durations were shorter when participants, assuming in a supine position, watched stimulation with low velocities. Another possible reason for the disagreement with the otolith hypothesis may be due to the use of different reporting methods as compared to previous studies (Young et al., 1986b). With that said, in this study, the same reporting procedure was used in both supine and upright viewing positions. Further research is required to substantiate this explanation.

In conclusion, this paper investigated roll CV perception of stimuli of different velocities among participants in two viewing positions, upright and supine. Findings provide the basis for accurately interpreting and comparing results of roll CV studies in which participants were in different positions. In particular, the results indicate that, when the same group of participants is exposed to roll random dots rotating at lower velocities (2, 4, and 8 deg/s), they would report significantly different roll CV durations and onset times according to whether they were in upright or supine viewing positions. In some cases, the difference can be as large as 4 or 5 times. Since most functional brain imaging studies on CV require participants to assume supine positions while most behavioral studies on CV adopt upright positions, results of the current study suggest caution should be exercised when comparing findings of functional brain studies and behavioral studies on roll CV with different viewing positions. The current study only examined roll CV in counter-clockwise direction. Future work on pitch and yaw as well as roll in clockwise direction is desirable.
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