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Abstract

When two different images are presented separately to each eye, one experiences smooth

transitions between them–a phenomenon called binocular rivalry. Previous studies have

shown that exposure to signals from other senses can enhance the access of stimulation-

congruent images to conscious perception. However, despite our ability to infer perceptual

consequences from bodily movements, evidence that action can have an analogous influ-

ence on visual awareness is scarce and mainly limited to hand movements. Here, we inves-

tigated whether one’s direction of locomotion affects perceptual access to optic flow

patterns during binocular rivalry. Participants walked forwards and backwards on a treadmill

while viewing highly-realistic visualisations of self-motion in a virtual environment. We

hypothesised that visualisations congruent with walking direction would predominate in

visual awareness over incongruent ones, and that this effect would increase with the preci-

sion of one’s active proprioception. These predictions were not confirmed: optic flow consis-

tent with forward locomotion was prioritised in visual awareness independently of walking

direction and proprioceptive abilities. Our findings suggest the limited role of kinaesthetic-

proprioceptive information in disambiguating visually perceived direction of self-motion and

indicate that vision might be tuned to the (expanding) optic flow patterns prevalent in every-

day life.

Introduction

Senses do not operate as independent channels that passively reflect the state of the environ-

ment. Experience in one sensory modality is shaped also by signals from other senses and

acquired knowledge of how such signals relate to each other. Integration of multisensory infor-

mation often brings adaptive advantages such as increased accuracy of unimodal percepts [1–

3] and perceptually-guided actions [4–6]. While navigating our environment, we tend to rely

on vision, which, despite being a source of rich and precise information, is also prone to being

influenced by other senses. The extent of these influences on vision can be assessed with meth-

ods that exploit the fact that visual experience may change independently of the physical prop-

erties of stimulation. A prominent example is binocular rivalry, a phenomenon which occurs

when different stimuli are presented separately to each eye, causing a person to experience
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continuous alterations between one image and then the other [7]. As both images compete for

perceptual dominance, exposure to stimulation from other sensory modalities can promote

the visual awareness of a stimulation-congruent image. Such effects occur when there is

semantic and structural congruence between multisensory signals (e.g., when sounds and

images indicate the presence of the same object or are presented at the same frequency) and

comprise influences from various sensory modalities such as audition [8–11], touch [11–14],

olfaction [15,16], and interoception [17]. Using the similar method of continuous flash sup-

pression, analogous effects have also been demonstrated for the vestibular system [18] and pro-

prioception [19]. These findings show that conscious perception of ambiguous visual input

appears to be biased towards its most likely interpretation, given the sum of multisensory

information.

Aside from external sensory signals, our voluntary actions can directly inform us about

what is likely to be seen. Through our experiences we learn how different bodily movements

change incoming sensory signals and impact surrounding objects. Surprisingly though, despite

tight sensorimotor coupling, the evidence that action can clarify the content of visual aware-

ness remains inconclusive. The direction of hand movements (e.g., turning a knob) has been

repeatedly shown to facilitate the perception of action-congruent variants of bistable motion

displays [20–24]. A similar effect was found in one study [25] using binocular rivalry. In that

experiment, participants were asked to perform smooth hand movements with a computer

mouse only when one of the stimuli (a slowly rotating sphere) was exclusively visible. It was

found that these movements lasted longer (i.e., the sphere was visible for a longer period of

time) when the direction and speed of rotation were controlled by hand movements than

when the subject had no motor control over the stimulus. However, more recent studies–

using both binocular onset rivalry [23] and continuous flash suppression paradigms [26,27]–

did not find increased access to awareness of stimuli whose rotation is congruent with manual

actions. It is possible that these discrepancies are partly due to the use of different methods for

presenting stimuli. In contrast to paradigms that involve interocular suppression (i.e., binocu-

lar rivalry, onset rivalry, and continuous flash suppression), elements of images presented in

bistable displays (e.g., moving dots) remain perceptually accessible, which renders their appar-

ent movement or configuration more susceptible to top-down and voluntary influences

[23,28]. Among the suppression-based paradigms, action effects on visual awareness have

been found only for binocular rivalry–in which subjects can keep track of whether or not the

currently seen stimulus changes in congruence with their actions. This is not the case for para-

digms in which the stimuli are presented only until they are detected (i.e., onset rivalry and

continuous flash suppression). This suggests that conscious feedback regarding visuomotor

congruence might be necessary to yield such effects, and thus here we chose binocular rivalry

as a paradigm to investigate action influences on visual awareness.

For this purpose, instead of circumstantial associations between hand movements and their

consequences observed on a 2D screen, we exploited the early-acquired and persistent associa-

tion between direction of global bodily movement and concomitant changes in optic flow.

While moving towards a target, the centre of one’s visual field expands outward from a focus

point, and, conversely, moving away leads to an inward contraction of visual peripheries

[29,30]. Hence, in natural circumstances, the speed and direction of walking map one-to-one

onto specific shifts in visual perspective. We aimed to examine whether optic flows that appear

veridical while walking predominate in visual awareness over non-veridical ones. Notably, this

question has previously been tackled in a study by Paris et al. [31], in which participants

observed outward- and inward-moving dots while walking forwards and backwards. A series

of neatly controlled experiments did not reveal any effects of walking direction on the percep-

tual availability of congruent and incongruent optic flow patterns. We approached this
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question by using an experimental design differing in three critical aspects that, in our opinion,

could have limited the ability of that study to find positive results. First, instead of presenting

shifting dots, we used a more realistic three-dimensional environment to boost general feelings

of presence and locomotion through space (although it should be noted that in a supplemen-

tary experiment by Paris et al., stimuli depicting a hallway with patterned flat surfaces were

used [31, S1 Fig]). Second, in that study, participants walked along a circle (with a radius of ca.

two meters) while being shown visual stimuli which depicted linear self-motion. Clearly, this

would have decreased the overall congruence of visuomotor signals. Therefore, we used a

treadmill so that the motion and the perceived optic flows were both linear. Lastly, and most

importantly, in their study, the speed of the presented visual stimuli was matched directly to

the average speed of walking, despite the fact that, in general, physically accurate optic flows

presented via head-mounted displays appear much slower than the actual walking velocities

[32–36] (mainly due to the restricted scope of peripheral vision, which is a major contributor

to sense of speed). Thus, in the current research, optic flow speeds were subjectively matched

to the velocity of walking.

Furthermore, we aimed to examine whether the impact of bodily actions on vision is greater

for individuals with more precise proprioception–the sense of self-movement and of the posi-

tion of body parts in space. In general, our hypotheses follow from Bayesian models of multi-

sensory integration, according to which inferences about the state of the environment–and

thus our perceptual experience–rely on the degree of congruence between unimodal signals

(here: visual and kinaesthetic-proprioceptive) and their relative precisions (understood as

inverse variance/noisiness) [37–39]. The basic idea is that the extent to which one is aware of

one’s movement and body parts should reflect the overall reliability of action-related afferent

signals. Hence, reliable bodily signals should more efficiently bias interpretation of an ambigu-

ous visual scene towards an intermodally coherent percept. Whereas, in general, there is sub-

stantial evidence showing that the relative impact of sensory information increases with its

precision [37,40,41], this is rarely controlled for in studies on crossmodal influences on visual

awareness. This might be particularly important for detecting elusive bodily influences in this

domain. Notably, in a study investigating cardiac effects on binocular rivalry [17], such influ-

ences were found only for participants who were better at detecting their own heartbeats. Like

interoception, proprioception can be considered to be a heterogeneous modality, as it com-

prises processing of information from functionally distinct sensors such as joint and skin

mechanoreceptors, tendon organs, and muscle spindles [42,43]. This could explain why per-

formances on different types of proprioceptive tasks (e.g., active and passive movements) tend

not to correlate [44] and might be variously associated with other sensory processes. Therefore,

given the use of active, self-induced bodily movement in the current research, we decided to

employ a task based on active reproduction of the position of one’s limbs to assess interindi-

vidual differences in proprioceptive accuracy and noisiness of proprioceptive signals.

In summary, this study aimed to test whether the direction of one’s locomotion can bias

perceptual awareness for highly-realistic visualisations of self-motion in space. We hypothe-

sised that optic flows congruent with walking direction would predominate in visual awareness

over incongruent ones, and that this effect would be more pronounced for individuals with

greater reliability of active proprioception.

Method

Participants

All participants had normal or corrected-to-normal visual acuity and no history of colour-

blindness, amblyopia, neurological or psychiatric disorders, or propensity to motion-sickness.
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Eleven participants were included in a pre-study (5 females, mean age = 29.0 ± 4.5, range: 20–

35 years) conducted in order to estimate optic flow speeds for the main experiment. The main

sample comprised forty-one participants (23 females, mean age = 22.7 ± 2.8, range: 18–36

years), which was greater than the sample sizes previously used in similar experiments

[17,23,25,31] by at least 35%, in order to enable the detection of potentially smaller effects and

to compensate for the possible exclusion of any data. Data obtained from three participants

were removed from binocular rivalry analyses as these participants did not complete all of the

blocks due to technical issues. Additionally, nine participants were excluded as outliers (for

criteria see section Exclusions below), so twenty nine participants were included in the final

analyses (16 females, mean age = 22.7 ± 2.9, range: 18–30 years). Participants were recruited

via social media. All participants gave written informed consent before taking part in the study

and were compensated financially for their participation. The procedure was approved by the

Ethics committee of the Faculty of Psychology of the University of Warsaw. All research was

performed in accordance with relevant guidelines and regulations.

Materials and apparatus

The proprioception evaluation system (Propriometr R [45]) was used to assess interindividual

differences in active proprioception. This system includes an arm-mounted electric goniome-

ter which allows continuous measurement of the deviation angle with an accuracy of 0.1˚, a

remote button box held by participants, and dedicated software to record and store data. An

electric rehabilitation treadmill (Insportline Neblin) with an additional safety belt was used to

manipulate walking direction. All visual stimuli and instructions were presented using a head-

mounted VR display (HTC Vive, HTC, Taiwan; refresh rate: 90 Hz; resolution: 1080×1200 per

eye). Participants used the handheld controller to provide responses throughout the experi-

ment by pressing the left or right part of the touchpad (marked with additional stickers; hereaf-

ter referred to as “buttons”). Button presses were sampled at 40 Hz. The program and the VR

environment were created using Unity version 2018.2.11f1 (Unity Technologies, San Fran-

cisco, California). A wide default field of view on the HTC Vive headset (110˚ for both hori-

zontal and vertical axes) was used to preserve feelings of presence and speed in the virtual

scene. The scene depicted a flat linear path in a 638 m long, 1.80 m wide, and 2.30 m high tun-

nel with cave-like walls and ceiling, and was chosen from a set of pre-tested designs in order to

evoke a relatively low level of mixed percepts despite its wide field of view. The “bumpy” struc-

ture of the environment provided peripheral cues contributing to feelings of self-motion, but,

at the same time, its uniformity as it recedes into the distances gives no information about dis-

tance travelled and did not convey conflicting (non-motion related) cues to different eyes.

Head movements were accurately mapped in the virtual scene, which was presented either as

green (RGB: 0, 140, 70) or red (RGB: 140, 0, 70), with shades slightly varying due to the use of

natural shadows in the environment. The same virtual scene was used both in the pre-study

determining the optimal optic flow speeds and in the main experiment.

Determination of optimal optic flow speeds in relation to walking velocity

In this pre-study, participants walked either forwards or backwards while viewing the same

visualisation of self-motion through the virtual tunnel with both eyes (the direction of visual

movement was always consistent with the walking direction). A constant walking speed of

0.42 m/s (1.5 km/h) was used throughout the experiments. This value was chosen because it

was identified in the pilot phase as the maximum velocity at which one can comfortably walk

backwards (it’s worth noting that locomotion on a treadmill is perceived as being faster than

equally fast locomotion on the ground [46]). The participants’ task was to adjust the optic flow
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speed to match the pace of walking as closely as possible by pressing either the left or right but-

ton to slow down or speed up, respectively, the visually perceived speed (with a minimum step

of 0.002 m/s change). Participants were instructed to take as much time as they needed to find

the subjectively veridical speed and to cease further adjustments once they believed that “it is

moving as fast as it should–neither too fast nor too slow”. Participants provided estimates in

eight different conditions (presented in a pseudo-randomised order), exhausting all combina-

tions of the following factors: walking direction (forward/backward), visualisation colour (red/

green), and starting speed (unrealistically slow [0.10 m/s] or unrealistically fast [2.00 m/s] in

relation to the pace of walking). Before the actual task, participants familiarised themselves

with the VR environment and walking on a treadmill, and were instructed to focus their gaze

on a point located at about 2/3rds of the way down the tunnel. Median values of matched optic

flow speeds were calculated separately for both walking conditions for each individual. Then,

medians were calculated for the whole sample and set as fixed optic flow speeds for the respec-

tive types of optic flow (i.e., expanding and contracting) in the main study.

Proprioception assessment

Interindividual differences in proprioceptive abilities were assessed using the active joint posi-

tion reproduction task [43,45]. Blindfolded and seated participants were asked to reproduce

positions of their dominant arm as accurately as possible. The procedure included two types of

movement (flexion and abduction at the glenohumeral joint) and three target positions (60˚,

90˚, and 120˚ deviations from a vertical axis; Fig 1A). Each trial followed the same structure: 1)

Fig 1. Experimental procedure. (a) Interindividual differences in active proprioception were assessed with a joint position reproduction

task (the picture shows flexion at 90˚). (b) During the main task, participants walked either forwards or backwards on a treadmill while being

presented with (c) different optic flow patterns (expanding and contracting) to each eye via the head-mounted display. Their task was to

continuously report with a hand-held controller which of the coloured visualisations (red or green) was seen at each moment. (d) The

experiment comprised eight blocks counterbalanced with respect to walking direction as well as the direction and colour of visualisations

seen by each eye. (The brightness and contrast of the images have been adjusted for illustrative purposes; we obtained informed consent to

publish the photographs).

https://doi.org/10.1371/journal.pone.0250905.g001
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after an experimenter placed the participant’s arm in the target position, the participant was

asked to stabilise their arm and to press a button on a device held in their non-dominant hand

to record the exact position; 2) next, the participant’s arm was slowly pulled down to the

default position (0˚) by the experimenter; 3) finally, the participant had to reproduce the target

position and confirm it by pressing the button. During the training phase, participants were

instructed to perform the task in an attentive and measured manner, but discouraged from

spending more than ten seconds calibrating the position of their limb. The assessment lasted

about twenty minutes and consisted of thirty reproductions in a fixed order, starting with fif-

teen abductions at interchangeable positions (60˚, 90˚, 120˚), followed by an analogous series

of flexions. Proprioceptive accuracy was operationalised as the inverse of the mean difference

between target and reproduced positions (error) and proprioceptive precision as the inverse of

the variance of the distribution of errors.

Binocular rivalry between optic flow patterns when walking forwards/

backwards

In the main task, participants walked forwards and backwards on the treadmill (Fig 1B) while

viewing visualisations of self-motion through a virtual tunnel (Fig 1C), with one eye seeing

motion consistent with walking forwards (i.e., expanding optic flow) and another consistent

with walking backwards (i.e., contracting optic flow). Their task was to continuously report

(by holding down either the left or right button) which of the presented coloured visualisations

(red or green) was seen at a given moment. Participants were asked to refrain from pressing

any button when perceiving mixed visualisations. The assignment of particular buttons to col-

ors was counterbalanced between participants. Participants reported the colour, rather than

optic flow direction, for two reasons: the pilot phase indicated that it was more straightforward

to report, and, more importantly, use of a quality orthogonal to the quality of interest alleviates

potential response bias (see here [12,23] for a similar approach).

Participants completed eight 120-second blocks (presented in a pseudo-randomised order),

exhausting all combinations of the following factors: walking direction (forward/backward),

direction of optic flow (expanding/contracting) seen by each eye, and the colour of visualisa-

tion (red/green) seen by each eye (Fig 1D). Participants were encouraged to take breaks

between blocks to help maintain focus throughout the experiment. Individual blocks were

repeated if participants had any problems or reported mistakes pressing the buttons. To pre-

vent such issues, participants were initially familiarised with the VR environment and prac-

ticed walking on a treadmill without a headset. Experimental blocks were also preceded by

four training blocks: two 45-second standing blocks and then two 90-second blocks with dif-

ferent walking directions (the colours and directions of optic flows presented to each eye were

pseudo-randomised). The training phase was extended if participants still experienced any

problems with the task. As was done when determining the optimal optic flow speeds in the

pre-study, participants were instructed to focus their gaze about 2/3rds of the way down the

tunnel throughout the experiment.

After the completion of all experimental blocks, participants were asked to rate their confi-

dence that the button presses had overlapped in time with the dominant visual percepts they

had experienced. Answers were given on a 7-point Likert-type scale with the following extreme

statements: (1) “while pressing a button I was never sure whether I was properly indicating the

dominant visualisation” and (7) “while pressing a button I was always sure that I was properly

indicating the dominant visualisation”. Post-experiment interviews found that none of the par-

ticipants had identified the goal of the experiment and that most of the participants were not

aware that each eye had been presented with a different image.
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Questionnaire measures

Upon arrival, participants completed a shortened version of the Simulator Sickness Question-

naire [47] (SSQ), which they also filled-in at the end of the experimental session. The question-

naire contained seven items assessing the severity of symptoms that may occur after a VR

experience (included in S1 Table). The difference in means between post- and pre-test served

as a control measure of cybersickness induced by the procedure. Upon completion of the

experiment, participants also answered an adapted version of the Slater-Usoh-Steed Question-

naire [48] (SUS), which measures the sense of presence in a virtual scene (S2 Table). Our aim

was to control for the induced level of immersion and to explore its potential association with

the predominance of congruent optic flows during binocular rivalry.

Statistical analysis

Preprocessing of binocular rivalry data. Button presses were logged throughout the

experiment at a frequency of 40 Hz. The data obtained were then processed to identify

instances of left and right button presses (exclusive percepts) and periods when no button was

being pressed (mixed percepts). For each subject, individual intervals of particular response

types (in milliseconds) were aggregated separately for different walking conditions, and their

cumulative dominance (i.e., percentage share of periods of expanding, contracting, and mixed

optic flows) was used as a measure of perceptual awareness in the main analysis. For the

exploratory analysis of time-course changes in perceptual dominance throughout the average

block, the proportion of particular responses was calculated for consecutive one-second win-

dows of blocks of walking forwards and backwards. This complementary analysis allowed a

more fine-grained examination of perceptual dominance patterns unfolding over the time-

course of binocular rivalry. Finally, perceptual alterations were defined as perceptual switches

from one image to another (e.g., left–none–right button presses), excluding return transitions

(e.g., left–none–left).

Exclusions. Before the main analysis, we attempted to exclude data from participants who

did not experience or properly report percepts during binocular rivalry. Potential outliers were

identified based on three dimensions: a) mean number of alterations per block, b) mean dura-

tion of exclusive percepts, and c) cumulative duration of mixed percepts. A cut-off criterion of

±3 SD was used for each case. Based on these criteria, one subject was excluded due to exces-

sively long mean duration of exclusive percepts (9.63 s; SD = 4.25). However, closer inspection

of the data revealed a discernible cluster of seven subjects with very low mean duration of left/

right button presses (< 0.32 s; the next lowest value was 0.86 s), and correspondingly, a very

large cumulative proportion of mixed percepts (> 90%, with the next highest being 74%).

These seven subjects were excluded from further analyses. In addition, one participant with

virtually no alterations (M = 0.25) was excluded. While some of these outlying response pat-

terns might be due to strong eye dominance, it could be also that some of the participants did

not accurately follow the instruction to hold down the button as long as visualisation of a given

colour dominated, instead making short clicks, which could go unnoticed by the experiment-

ers. None of the remaining subjects were excluded based on low self-reported degree of overlap

between button presses and dominant percepts (with answers below 3 on the 7-point scale as

the cut-off criterion). In total, 9 out of 38 subjects were excluded from the binocular rivalry

analyses (for results from the unfiltered sample, see Supplementary Information). Only behav-

ioral results for the proprioceptive task were based on data without any exclusions.

Statistical testing. To test the hypothesis that locomotion-congruent optic flows would

predominate in visual awareness over incongruent ones, a two-way repeated measures analysis

of variance (ANOVA) was used, with optic flow congruence (congruent/incongruent) and
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walking direction (forward/backward) as factors, and cumulative periods of dominance of par-

ticular percepts (in %) as the dependent variable. We expected to observe a main effect for con-

gruence and no interaction. Pearson correlations were used to examine the hypothesis that the

effects of bodily movement on visual awareness would increase with greater precision of active

proprioception. We anticipated that the degree of predominance of locomotion-congruent

percepts (i.e., difference between congruent and incongruent dominance durations) would

decrease with nosier proprioception (indexed by the variance of errors) in both walking condi-

tions. Equivalent non-parametric tests were used when appropriate. A two-sided alpha level of

0.05 was used in all tests. The statistical analyses were conducted using R version 3.5.1 [49]

with RStudio version 1.1.463 [50]. All data and code used for the main and supplementary

analyses are available on GitHub at https://github.com/Pawel-Motyka/SMPVR.

Study 1: Results and discussion

Determination of optimal optic flow speeds in relation to walking velocity

The matched speed of optic flow for walking forwards was significantly higher (M = 0.95,

SD = 0.31 m/s) than for walking backwards (M = 0.69, SD = 0.23 m/s, t(10) = 5.61, p< 0.001,

Cohen’s d = 1.69; S1 Fig). These results are in line with previous findings about speed percep-

tion in virtual environments [32–36], in that they indicate a sizeable overestimation of

matched optic flow speeds in relation to actual walking velocity (0.42 m/s); however, this is a

novel demonstration that this tendency is more pronounced for the more-familiar forward

locomotion. The overall medians from the forward (Me = 0.95 m/s) and backward (Me = 0.60

m/s) conditions in this sample were set as speeds for respective types of optic flow (i.e.,

expanding/contracting) in the main study.

Further exploratory comparisons were run to control for the role of colour and starting

speed. There was no significant difference in matched optic flow speeds between red

(M = 0.81, SD = 0.25 m/s) and green visualisations (M = 0.84, SD = 0.27 m/s, t(10) = −1.64,

p = 0.132), whereas the starting optic flow speed was shown to significantly bias the estima-

tions–they were higher for the unrealistically fast starting speed (M = 0.89, SD = 0.30 m/s)

compared to the unrealistically slow one (M = 0.76, SD = 0.23 m/s, t(10) = 2.89, p = 0.016,

Cohen’s d = 0.87). This effect is not surprising given the well-documented robustness and

ubiquity of the anchoring effect [51]–the tendency to be influenced by a reference point pre-

sented prior to the decision-making process.

Effects of locomotion on perceptual awareness of optic flow patterns

Contrary to our hypothesis, there was no main effect of congruence (F(1, 28) = 0.01, p = 0.943,

η2
G < 0.001) on the cumulative durations of percepts, the main effect of walking was above the

threshold of significance (F(1, 28) = 4.03, p = 0.054, η2
G = 0.006), and there was a significant

interaction between both factors (F(1, 28) = 52.1, p< 0.001, η2
G = 0.130; Fig 2A). Post hoc

Bonferroni-corrected comparisons showed that, for walking forwards, congruent optic flow

was perceived for longer (M = 36.7%, SD = 11.1%) than incongruent flow (M = 29.6%,

SD = 8.13%, t(28) = 5.74, p< 0.001), whereas for walking backwards, incongruent optic flow

(M = 38.2%, SD = 9.42%) predominated over congruent flow (M = 31.0%, SD = 8.78%, t(28) =

5.80, p< 0.001). This indicates that expanding optic flow (naturally coupled with forward

locomotion) was more likely to gain access to visual awareness than contracting flow (consis-

tent with backward self-motion), independently of walking direction. The dominance dura-

tions of both expanding (t(28) = 1.47, p = 0.885) and contracting (t(28) = 1.37, p = 1.000) optic

flows did not differ significantly between walking conditions. The mean duration of mixed

percepts (i.e., proportion of time without any button presses) showed a non-significant
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tendency to be higher when walking forwards (M = 33.7%, SD = 18.4%) than when walking

backwards (30.7%, SD = 16.8%, t(28) = 2.01, p = 0.054). Additionally, there was no significant

difference in mean number of perceptual alterations per block between forward (M = 26.1,

SD = 11.1) and backward (M = 27.1, SD = 10.6, t(28) = −0.72, p = 0.477) conditions. The self-

reported level of overlap between button presses and dominant percepts was relatively high

(M = 5.14, SD = 0.79, range: 3–6, on a 7-point scale). The results from the unfiltered sample

match closely those reported above and are included in the Supplementary Information (S2

Fig).

Relation between proprioceptive precision and the predominance of

congruent optic flows

In the proprioception assessment, the mean error on the active joint position reproduction

task–the (inverse) index of proprioceptive accuracy–was 5.41˚ (SD = 1.84˚, range: 2.20˚–

9.02˚), whereas the mean variance of the error distribution–the (inverse) index of proprio-

ceptive precision–was 5.49˚ (SD = 1.81˚, range: 3.05˚–10.30˚). There was a positive correla-

tion between performances for abductions and flexions, both in terms of proprioceptive

accuracy (r(39) = 0.49, p = 0.001, S3A Fig) and proprioceptive precision (rs(39) = 0.54,

p < 0.001, S3B Fig). As proprioceptive accuracy and precision were found to be strongly

correlated (rs(39) = 0.79, p < 0.001, S3C Fig), only proprioceptive precision was used in fur-

ther analyses (as it is directly relevant to our hypothesis). Contrary to our predictions, we

found no evidence of any association between proprioceptive precision and the difference

between congruent and incongruent optic flow durations (in terms of percentage points),

either in the forward (r(27) = 0.10, p = 0.593) or backward (rs(27) = 0.15, p = 0.427) walking

conditions (Fig 2B).

Fig 2. Effects of locomotion on perceptual awareness of optic flow patterns. (a) Cumulative durations of perceived congruent and

incongruent percepts for each walking direction. Expanding optic flow (congruent with forward locomotion and incongruent with

backward movement) dominated visual awareness independently of walking direction. (b) Relation between propensity to observe

locomotion-congruent percepts (y-axis) and noisiness of active proprioception (x-axis). The expected negative correlations were not

observed for either forward or backward locomotion. ��� p< 0.001; ns = non-significant.

https://doi.org/10.1371/journal.pone.0250905.g002
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Self-reported levels of simulator sickness and sense of presence

Symptoms of simulator sickness (SSQ questionnaire) were more likely to appear after

VR-exposure than at the beginning of the experiment (V = 78, p = 0.013, Cohen’s

d = 0.48), although they were rarely observed in both cases (before: M = 1.12, SD = 0.17,

range: 1.00–1.71; after: M = 1.26, SD = 0.28, range: 1.00–2.14; 1–4 point severity scale

with 1 indicating “none”). Self-reported sense of presence in the virtual–and perceptually

ambiguous–scene (SUS questionnaire score) was moderate (M = 3.59, SD = 1.09, range:

1.33–5.50; 1–7 point scale). All intercorrelations between questionnaire items (Q1-Q6)

were positive, and one third of them were significant (S4 Fig). Sense of presence was not

associated with the frequency of perceptual alterations (r(27) = 0.05, p = 0.786), but it

was found to decrease as the proportion of mixed percepts increased (r(27) = −0.56,

p = 0.001, S5A Fig). In addition, sense of presence showed a non-significant tendency to

increase with the degree of predominance of congruent percepts (r(27) = 0.35, p = 0.064,

S5B Fig). These results suggest that the highly ambiguous (perceptually unstable) envi-

ronment, and possibly also the violation of our life-long experience of optic flows being

congruent with direction of motion, might undermine one’s sense of presence in the vir-

tual scene.

Time-course changes in perceptual awareness of optic flow patterns

Here we aimed to uncover the dynamics of perceptual changes throughout the blocks. This

exploratory analysis assessed whether the probability of perception of particular stimuli

(e.g., locomotion-congruent optic flows) shifted in time during exposure to a visually

ambiguous environment. For example, it could be that the prevalence of congruent percepts

built slowly with accumulating evidence of movement in a given direction. Alternatively,

in-line with a recent theoretical model [52], perception might have been initially biased

towards prediction-consistent percepts and then subsequently shifted to reflect more sur-

prising (informative) events. Such effects have been reported for timescales of hundreds of

milliseconds, but it has been suggested that they may generalise to longer timescales [52].

To examine the possibility of such non-linear associations between the progress of time and

the predominance of particular percepts, a generalised additive model [53,54] (GAM) was

used to fit the data. First, we calculated the relative proportions of percepts (in %) in conse-

cutive one-second windows of each individual block (1–120 s). Next, the proportions were

averaged over different time windows separately for forwards- and backwards-walking

blocks and each subject. A regression model with cubic splines was used to estimate the var-

iations in probability of perceiving congruent, incongruent, and mixed optic flows over the

course of an average block (with a generalised cross-validation smoothing parameter and

k = 10). In both walking conditions, the level of deviance explained was comparably modest

(forwards: 3.06%; Adj.R2 = 0.028; backwards: 3.93%; Adj.R2 of 0.037) and all smooth terms

were significant, indicating the presence of block-wise variations in awareness of congruent,

incongruent, and mixed percepts (all p values < 0.001, except for congruent percepts when

walking forwards: p = 0.031). The results indicate that, after an initial phase without button

presses, the predominance of expanding optic flow emerged and remained relatively stable

over time for both forward and backward locomotion (Fig 3A). Notably though, mixed per-

cepts increased gradually while walking forwards (alongside an associated decrease in

incongruent percepts), which was not observed for walking backwards (Fig 3B). In sum-

mary, these exploratory results provided no support for any of the supposed time-depen-

dent effects of locomotion on perceptual awareness.
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Comparison of expanding optic flow dominance while standing and

walking forwards/backwards–supplementary analysis

The fact that, instead of the hypothesised congruence effects, we observed perceptual prioriti-

sation of expanding visual flow in both walking conditions might raise the question of whether

these results were merely due to the intrinsic visual bias or rather to a combination of the bias

and the influences of self-motion (we thank an anonymous reviewer for bringing this point to

our attention). To at least partially address this question with the available data, we compared

dominance durations of expanding optic flow between two training blocks (in which partici-

pants stood still) and experimental blocks with equivalent combinations of visual factors. As

each combination occurred once in both walking conditions, particular training blocks could

always be matched with their forward and backward self-motion counterparts. Additionally,

the duration of these paired blocks was shortened to the length of the training blocks (so as to

level out the relative significance of the initial preponderance of mixed percepts; cf. Fig 3A).

Exploratory pairwise comparisons were run to examine differences in dominance durations of

expanding optic flow between a) standing and walking forwards, and b) standing and walking

backwards (n = 28, due to missing training data from one subject).

Fig 3. Time-course changes in perceptual awareness of optic flow patterns. (a) Non-linear smooths (fitted values) representing the

probability of perceiving congruent, incongruent, and mixed percepts over the time of average blocks. The pointwise 95%-confidence

intervals are depicted by the shaded bands. (b) Pairwise contrasts between probabilities of different percepts. Time intervals during which

one of the compared percepts was significantly more likely to be perceived (i.e., shaded confidence bands do not overlap with zero) are

bracketed by vertical dotted lines and marked by coloured segments on the x-axis (with the colours indicating the predominant percept).

https://doi.org/10.1371/journal.pone.0250905.g003
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The dominance of expanding optic flow while standing (M = 33.2%, SD = 12.2%) was not

significantly different from its dominance when walking forwards (M = 34.8%, SD = 12.4%, t

(27) = −0.55, p = 0.587) or backwards (M = 37.2%, SD = 12.7%, t(27) = −1.46, p = 0.157; S6

Fig). Furthermore, to assess whether these non-significant results reflected genuine null effects

rather than insufficient statistical power, the corresponding Bayes factor analyses were per-

formed (using the default Jeffreys–Zellner–Siow prior, as we lacked justification for informed

prior specification). As for the comparison between standing and walking forwards, there was

substantial evidence for the null hypothesis (BF10 = 0.23). However, in the case of comparison

between standing and walking backwards, we found only anecdotal support for the null effect

(BF10 = 0.51). These analyses suggest that forward self-motion does not enhance perceptual

awareness of expanding optic flow relative to the stationary position. Similar support for the

null effect cannot be fully concluded for the case of walking backwards. Nevertheless, alto-

gether, these exploratory results do not yield indications that the primary effects of this study

could have been caused by a specific/coarser form of visuo-motor interactions (e.g., increased

predominance of a more familiar visual flow with any type of self-motion).

Study 2

The results of the main study did not support our initial hypotheses. First, we did not find evi-

dence for increased perceptual awareness of optic flow patterns congruent with direction of

walking. Additionally, there was no association between precision of active proprioception

and the propensity to perceive locomotion-congruent optic flow patterns. Instead, we found

an overall perceptual preference for expanding optic flow (consistent with forward movement)

over contracting flow. It is worth noting that optic flow speeds were chosen based on results

from our pre-study, which found that when forward and backward optic flows (expanding

and contracting, respectively) appear subjectively matched to a given walking pace, the for-

ward flow will be faster than the backward one. Given that the main hypothesis focused specifi-

cally on the perceptual availability of expanding and contracting optic flow patterns in

different walking conditions, we prioritised the veridicality of optic flows relative to walking

pace over having equal optic flow speeds. Thus, the overall predominance of expanding optic

flow could have stemmed from its higher velocity rather than a perceptual preference for the

particular direction of the optic flow. Therefore, we designed a follow-up study to clarify

whether this effect was merely due to the difference in the speed of visualisations.

We reasoned that if it was only speed of optic flows which determined the effect observed

in the previous study, we would observe the opposite pattern of results if we were to switch the

speeds of the backward and forward optic flows. Working from assumption that the speed was

the sole cause of the observed differences, we calculated the sample size that would be required

to reveal a perceptual preference for the faster (i.e., backward) optic flow. To this end, we cal-

culated 90% confidence intervals for the effect size from the main study, and determined the

sample size sufficient to detect (with 99% statistical power) an effect size equal to the lower

bound value of the interval [55]. Significant perceptual preference for backward optic flow

would mean that the direction of optic flow was not responsible for the differences observed in

the main study. On the contrary, if neither optic flow predominated, that would indicate that

the direction of optic flow is an independent factor determining access to visual awareness

(cancelling out the speed-based effect). Finally, if the pattern of results from the main study

holds despite the inversion of optic flow speeds, it would mean that the direction of optic flow

is the sole cause of observed differences. In summary, the current study was designed in a falsi-

ficatory manner to either exclude or support the explanation that the previously-observed

effects resulted solely from the difference in optic flow speeds.
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The experimental procedure mirrored the one used in the main study, with two exceptions:

a) the speed of the backward optic flow was set to 0.95 m/s (3.42 km/h), while the forward

optic flow was 0.60 m/s (2.16 km/h); and b) proprioceptive assessment as well as SSQ and SUS

questionnaires were skipped. The required sample size (9 subjects) was augmented to compen-

sate for possible exclusions, which amounted to about 25% of participants in the main study.

Hence, a group of twelve new subjects was recruited for the current study (6 female, mean

age = 23.3 ± 2.4, range: 20–27 years). Exclusion criteria were identical to those used in the

main study; however, this time all participants qualified for the final analysis (minimal mean

duration of exclusive percepts = 0.91 s, minimal frequency of alterations = 4.5, maximal cumu-

lative duration of mixed percepts = 58.4%). The statistical analyses were identical to those

from the main study.

Study 2: Results and discussion

In study 2 –with the backward and forward optic flow speeds switched–we found that the

main effect of congruence was just above the threshold of significance (F(1, 11) = 4.41,

p = 0.059, η2
G = 0.030), whereas neither the main effect of walking (F(1, 11) = 0.19, p = 0.669,

η2
G < 0.001) nor the interaction between both factors were significant (F(1, 11) = 1.02,

p = 0.334, η2
G = 0.010; S7A Fig). Pairwise comparisons showed no significant differences

between conditions (all p values> 0.283). These results suggest that, even though the increased

visual speed might enhance the access of the stimulus to awareness (see also [56–59]), the pre-

dominance of expanding optic flow in the main study cannot be accounted for solely by the

difference in optic flow speeds.

Again, the mean self-reported level of overlap between button presses and dominant per-

cepts was relatively high (M = 5.08 on a 7-point scale, SD = 0.79, range: 4–6) and there were no

significant differences between walking conditions with respect to frequency of perceptual

alterations (forward: M = 27.3, SD = 16.5; backward: M = 24.5, SD = 16.1, V(11) = 59,

p = 0.126) or mixed percepts (forward: M = 39.8%, SD = 15.5%; backward: 40.7%, SD = 15.2%,

t(11) = −0.44, p = 0.669). Notably though, the proportion of mixed percepts was noticeably

higher than in the main study. Therefore, we decided to test whether the higher level of mixed

percepts had obscured any (hypothetical) speed-driven effects. To do so, we re-analyzed the

data from a sub-sample of twelve subjects from the main study (study 1), matched with respect

to the distribution of mixed percepts observed in the present study (study 2: M = 40.3%,

SD = 14.9%; resultant values from the sub-sample of study 1 derived using the optimal match-

ing approach [60]: M = 40.7%, SD = 15.2%). The results mirrored closely the ones observed in

the whole sample, with insignificant main effects of congruence (F(1, 11) = 0.22, p = 0.645, η2
G

= 0.003) and walking direction (F(1, 11) = 2.39, p = 0.150, η2
G = 0.020), but a significant inter-

action between these factors (F(1, 11) = 15.94, p = 0.002, η2
G = 0.090; S7B Fig). Bonferroni-cor-

rected post hoc comparisons indicated the predominance of the congruent optic flow

(M = 30.9%, SD = 10.3%) over the incongruent one (M = 26.0%, SD = 8.0%) while walking for-

wards (t(11) = 3.42, p = 0.022) and the opposite pattern for walking backwards (incongruent:

M = 33.6%, SD = 8.4%; congruent: M = 28.1%, SD = 7.0%; t(11) = 3.82, p = 0.010). Again, no

differences were found between walking conditions with respect to the duration of expanding

(t(11) = −1.61, p = 0.772) or contracting optic flows (t(11) = 1.28, p = 1.000).

General discussion

In this paper, we investigated whether the direction of one’s locomotion affects perceptual

awareness of visualisations of self-motion in space. In the task, participants walked forwards or

backwards on a treadmill while each of their eyes was presented with a different optic flow
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(expanding or contracting). We hypothesised that optic flows congruent with the direction of

locomotion would predominate in visual awareness over incongruent ones. Moreover, this

effect was expected to increase in proportion to the subject’s precision of active propriocep-

tion, as assessed with a joint-position reproduction task. Contrary to our hypothesis, we did

not find evidence for the impact of locomotion on perceptual access to optic flow patterns.

Instead, our results indicate that expanding optic flow (i.e., what we observe when we walk for-

wards in everyday life) is prioritised in visual awareness independently of walking direction.

Similarly, we found no evidence of a positive association between the reliability of active pro-

prioception and the predominance of locomotion-congruent perceptions of self-motion.

Our results seem to be at odds with Bayesian accounts of perception according to which the

brain uses probabilistic information to optimise inferences about the state of the environment

[38,39,61]. Prior expectations–in the form of learned associations between multisensory sig-

nals–bias the interpretation of unimodal sensory input towards percepts congruent with infor-

mation available across different senses. Such effects of signal relatedness have been

convincingly demonstrated for binocular rivalry in the domain of exteroception [8–16]: for

example, simultaneous auditory and tactile influences can sum up to boost the perceptual

availability of an intermodally congruent visual image, but cancel each other out in the case of

conflicting audio-tactile stimulation [11,62]. Given that, in everyday life, we are exposed to a

certain repertoire of visuomotor associations (e.g., our visual field expands while moving for-

wards and contracts while moving backwards), one might expect similar congruence effects in

the domain of action, namely increased perceptual awareness of stimuli representing the likely

consequences of one’s actions. However, the evidence from prior studies that used perceptual-

suppression based paradigms is mixed. The null findings in the present study converge with

previous research, which did not demonstrate enhanced visual awareness of locomotion-con-

gruent optic flow patterns [31]. For rotatory hand movements, significant effects were found

in a study by Maruya et al. [25], while other studies did not reveal increased perceptual access

to stimuli rotating in congruence with manual actions [23,26,27; but see also 23 (study 2) for

effects in a bistable motion paradigm that did not involve interocular suppression]. Whereas

some of the discrepancies might be due to methodological differences between these studies

[26, p. 8], the cumulative evidence seems to suggest that congruence effects due to bodily

actions are either very context-sensitive or much less distinct than in the case of the widely-

reported exteroceptive influences on visual awareness [8–16].

Moreover, we did not find evidence for our hypothesis–drawn from Bayesian accounts of

perception–that the impact of kinaesthetic-proprioceptive information would be weighted by

its relative precision. Individually-assessed reliability of active proprioception (approximated

by the variance of errors in a limb-position reproduction task [45]) was not associated with

increased effects of action on visual awareness. We might speculate that, given the negligible

contribution of movement-related (proprioceptive-kinaesthetic) information to disambiguat-

ing the direction of visual motion, the precision of proprioceptive signals–even if it acts as a

weighting factor–ends up being practically inconsequential. However, as the variance of errors

on the active joint position reproduction task is likely to be determined by multiple (e.g., inter-

individual) factors, it is perhaps too rough an approximation of proprioceptive precision.

Whereas, for exteroceptive modalities, precisions can be more easily controlled through

manipulation of signal properties (e.g., their level of noisiness [63]), it is still challenging to

develop methods to assess proprioceptive (as well as interoceptive) signalling [43].

Speculatively, methodological factors could also have contributed to the lack of bodily

movement effects on visual experience in the present study. Even though locomotion on a

treadmill is felt as being much faster than on the ground [46,64,65], it still might have been

that the action effects were hindered by the use of unnaturally slow walking speed. The fact

PLOS ONE The effects of locomotion on visual awareness for optic flow patterns

PLOS ONE | https://doi.org/10.1371/journal.pone.0250905 May 4, 2021 14 / 23

https://doi.org/10.1371/journal.pone.0250905


that the participants’ hands held the side-rim of the treadmill could have additionally contrib-

uted to weakened overall feelings of locomotion. Despite the visualisations of self-motion

being presented at subjectively realistic speed (including mid-peripheral vision) and coupled

to rhythmic head movements while walking, the visual motion did not accelerate/decelerate

according to the concurrent phase of the gait cycle. This constitutes another palpable differ-

ence between the current setup and multilevel cohesion of visuomotor signals under natural

walking conditions. Perhaps the combination of such lesser-scale inconsistencies could have

prevented the generalisation of learned (broader-level) sensorimotor associations to distinc-

tively unfamiliar sensory conditions. These limitations could mostly be overcome with the use

of a wireless VR headset in a space allowing for long periods of unidirectional walking. On the

flip side, as thoroughly discussed by Paris et al. [31, p. 1192], multimodal effects on binocular

rivalry have been demonstrated in studies utilising less realistic conditions, which seems to

suggest that the issue of detectability of such effects cannot easily be reduced to the ecological

validity of crossmodal (e.g., visuomotor) correspondences.

Alternatively, a more overarching speculative interpretation based on Cancellation theories

of perception [66–68] could perhaps explain the scarcity of congruence effects in the domain

of action influences on visual awareness [23,26,27,31, but see also 25]. According to this

approach, the processing of self-generated sensory signals becomes suppressed in order to

prioritise more informative (unexpected/uncontrolled) events. This theory is traditionally

used to explain why self-administered tickling [66,69] or putting pressure on one’s own body

[70,71] are perceived as being less intense than when equivalent stimulation is produced exter-

nally. However, it can also be applied to other sensory domains, for example, to interpret the

effects of reduced visual sensitivity to expected consequences of one’s actions [72,73]. In line

with this view, the influences of action-based predictions are suppressed as a redundant source

of information about the state of the environment (see also [74]). Perhaps, this could explain

why motor actions do not yield comparable congruence effects to those of exteroceptive stimu-

lation or bodily signals that did not follow from voluntary movements–such as externally-pro-

duced whole-body rotations [18] or passive proprioceptive signalling of one’s limb position

[19]. However, this is not to say that, during voluntary movements, the influences of kinaes-

thetic-proprioceptive signals are generally suppressed in multisensory integration processes.

For example, there is growing evidence for the widespread distribution of locomotion-related

signals in the primary visual cortex (e.g., [75]; for reviews see [76–78]) and the modulation of

the visually perceived self-motion speed by one’s locomotor activity [79–82]. Notably, the pro-

cessing of signals evoked by the stimulation of proprioceptive (muscular) nerves has been

shown to be actually facilitated during voluntary movements (as opposed to cutaneous inputs

which are then suppressed) [83]. More broadly, it might be suggested that while integration of

proprioceptive-kinaesthetic and visual cues seems to play a limited role in disambiguating the

perception of external (e.g., visual) signals, it primarily serves other (body-oriented and not

necessarily perceptual) multimodal processes, such as action control [84,85], localisation of

body parts [86,87], determination of body ownership [88,89] and peripersonal space [90,91].

Beyond the absence of locomotion effects on visual awareness, our results showed an overall

dominance of expanding optic flow over contracting flow. Such effects have been found in pre-

vious binocular rivalry studies which did not involve bodily actions, but which did employ

similarly structured (looming/expanding), though small-sized, visual stimuli. In all but one

study [92], expanding random-dot patterns appeared to have greater access to visual awareness

compared to analogous receding stimuli [93–95]. This perceptual preference for expansion

was more pronounced when more naturalistic stimuli (such as concentric gratings or textures)

were used [92,94]. These results are usually interpreted [92–94] in terms of prioritised process-

ing of behaviorally urgent events [96], with sensory expansion/looming being a prime example
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of an ecologically salient cue indicating potential danger or collision. In fact, neurophysiologi-

cal evidence from humans and primates implies the existence of a dedicated network of sub-

cortical and cortical areas that responds preferentially to objects moving towards the body

[97,98]. This “looming interpretation”of previous studies seems particularly compelling given

that their participants were exposed to visual expansion patterns (limited to a central visual

field), which could not be attributed to self-movement, but rather to external causes. Notably

though, when the perceived motion of dot patterns can be identified as a consequence of one’s

locomotion, the predominance of visual expansion was found to disappear, which suggests

that active locomotion may veto the sense of looming and potential collision [31].

The literature also suggests an alternative explanation of the effects of perceptual preference

for expansion [93–95], based on the fact that visual patterns related to self-locomotion are

asymmetrically represented in the brain. There is strong neurophysiological evidence that the

cells which respond to expansion outnumber the cells attuned to contraction in higher level

visual motion areas, such as the ventral intraparietal (VIP) area [99,100] and the dorsal subdi-

vision of the medial superior temporal (MSTd) area [101–103]. Moreover, the selective

response of MSTd neurons to large-field motion patterns has been shown to not depend on

the specific depiction of visual movement [104] (e.g., concentric rings, outlines of squares, ran-

dom dots, etc). An asymmetry between expansion and contraction is not surprising given that

our experience of optic flow mostly arises as a consequence of forward movement. The priori-

tised processing of expanding optic flow is likely to be coupled with an accumulation of loco-

motor experience, as reflected by the fact that visual evoked potentials do not differentiate

between directions of optic flow in infants at the pre-locomotion stage (3–4 months), but do

differentiate for those with experience of crawling or walking (11–12 months), indicating faster

recruitment of the neuronal networks responsible for recognising forward (compared to back-

ward) self-motion [105].

This asymmetry-based interpretation seems more suitable for explaining the effects

observed in the present research. In contrast to previous binocular rivalry studies, the stimuli

used in this study have the characteristics of naturally occurring optic flow–a wide-field visual

shifting of the surrounding scene consistent with head movements and walking velocity. It is

unlikely that such visualisations would be mistaken for looming objects, given the documented

role of the VIP area in “parsing” visual information into self-motion and object-motion com-

ponents [106] and our ability to account for self-movement to appropriately determine the

velocity of elements in a scene [107]. This parsing process is most accurate when there is con-

gruent visuo-vestibular stimulation, but it is robust even with limited or no vestibular input

[108,109] (e.g., when travelling in a car at a constant speed). Interestingly though, perceptual

preference for expansion was not found in a previous study on walking effects on binocular

rivalry by Paris et al. [31], which used expanding/contracting random-dot patterns. Perhaps

the wide-field immersive visualisations used in our research had a greater capacity to induce

neural responses in higher visual motion areas (such as the MSTd and VIP regions) which are

fine-tuned for preferential processing of forward optic flow [101–103]. It is worth noting that

this seems consistent with the findings from stationary binocular rivalry studies which found a

stronger preference for visual expansion when more naturalistic stimuli are used [92,94]. Nev-

ertheless, these interpretations should be taken with caution, as only direct measurement of

brain activity and/or nuanced disentanglement of possible contributing factors (such as the

size of the visual field, spatial structure and detailedness of the stimuli, and the presence and

accuracy of visuo-motor coupling) can clarify the mechanisms underlying the effects reported

in the literature.

In conclusion, under the conditions used in this study, we did not find evidence for

increased perceptual awareness of optic flows congruent with direction of walking. Our
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findings suggest that kinaesthetic-proprioceptive processing might play a negligible role in

clarifying the visually perceived direction of self-motion. Instead, the observed results indicate

that visual processing might be tuned to visual flows consistent with our life-long experience

of forward locomotion.
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S1 Fig. Optic flow speed values chosen as being subjectively matched to velocity of walking

(0.42 m/s). Each dot’s coordinates represent a participant’s mean matched optic flow speed

when walking backwards (x-axis) and walking forwards (y-axis). Coordinates of the blue cross

represent the sample means from both conditions. The gray cross indicates the physically

accurate optic flow speed for the walking pace used. The dashed line represents optic flow

speeds being equal on both walking conditions. The results indicate an overall overestimation

of matched optic flow speed (as compared to the locomotion velocity) in both conditions;

however, this tendency is more pronounced in the forward-walking condition–the probability

distribution of estimates shifts toward higher values for walking forwards than for walking

backwards.

(TIFF)

S2 Fig. Locomotion effects on perceptual awareness for optic flow patterns (unfiltered

sample). Expanding optic flow (congruent with forward locomotion and incongruent with

backward movement) predominated visual awareness independently of walking direction.
��p< 0.01.

(TIFF)

S3 Fig. Proprioceptive assessment results. The positive correlations between performances

for flexions and abductions in terms of (a) proprioceptive accuracy (mean proprioceptive

error) and (b) proprioceptive precision (variance of proprioceptive errors). (c) A strong overall

correlation between proprioceptive accuracy and proprioceptive precision.
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S4 Fig. Intercorrelations between items of the SUS questionnaire assessing sense of pres-

ence in the VR environment. ��� p< 0.001; �� p < 0.01; � p< 0.05.
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S5 Fig. Associations between self-reported sense of presence in the virtual environment

and the contents of visual awareness. (a) Sense of presence was negatively correlated with the

proportion of mixed percepts, and (b) showed a tendency to be positively correlated with the

degree of predominance of locomotion-congruent optic flows.
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S6 Fig. Perceptual awareness of expanding optic flow while standing and walking in differ-

ent directions. No significant differences were found between training (standing) blocks and

visually identical blocks with either forward or backward self-motion.

(TIF)

S7 Fig. Effects of locomotion on perceptual awareness of optic flow patterns for both stud-

ies. (a) Study 2: when contracting optic flow (congruent with backward locomotion) was faster

than expanding flow (congruent with forward movement), no significant differences in cumu-

lative durations of percepts were found in either walking condition (p values > 0.283). (b)

Study 1 (sub-sample matched with respect to the distribution of mixed percepts in study 2):

when expanding optic flow was faster than contracting flow, it dominated visual awareness
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98. Cléry J, Guipponi O, Odouard S, Pinède S, Wardak C, Ben Hamed S. The Prediction of Impact of a

Looming Stimulus onto the Body Is Subserved by Multisensory Integration Mechanisms. J Neurosci.

2017; 37: 10656–10670. https://doi.org/10.1523/JNEUROSCI.0610-17.2017 PMID: 28993482

99. Schaafsma SJ, Duysens J. Neurons in the ventral intraparietal area of awake macaque monkey

closely resemble neurons in the dorsal part of the medial superior temporal area in their responses to

optic flow patterns. J Neurophysiol. 1996; 76: 4056–4068. https://doi.org/10.1152/jn.1996.76.6.4056

PMID: 8985900

100. Bremmer F, Duhamel J-R, Ben Hamed S, Graf W. Heading encoding in the macaque ventral intrapar-

ietal area (VIP). Eur J Neurosci. 2002; 16: 1554–1568. https://doi.org/10.1046/j.1460-9568.2002.

02207.x PMID: 12405970

101. Tanaka K, Saito H. Analysis of motion of the visual field by direction, expansion/contraction, and rota-

tion cells clustered in the dorsal part of the medial superior temporal area of the macaque monkey. J

Neurophysiol. 1989; 62: 626–641. https://doi.org/10.1152/jn.1989.62.3.626 PMID: 2769351

102. Graziano MSA, Andersen RA, Snowden RJ. Tuning of MST neurons to spiral motions. The Journal of

Neuroscience. 1994; 14: 54–67. https://doi.org/10.1523/JNEUROSCI.14-01-00054.1994 PMID:

8283251

103. Wurtz RH. Optic flow: A brain region devoted to optic flow analysis? Current Biology. 1998; 8: R554–

R556. https://doi.org/10.1016/s0960-9822(07)00359-4 PMID: 9707391

104. Geesaman BJ, Andersen RA. The Analysis of Complex Motion Patterns by Form/Cue Invariant MSTd

Neurons. J Neurosci. 1996; 16: 4716–4732. https://doi.org/10.1523/JNEUROSCI.16-15-04716.1996

PMID: 8764659

105. Agyei SB, Holth M, Weel FR van der (Ruud), ALH van der Meer. Longitudinal study of perception of

structured optic flow and random visual motion in infants using high-density EEG. Developmental Sci-

ence. 2015; 18: 436–451. https://doi.org/10.1111/desc.12221 PMID: 25145649

106. Field DT, Biagi N, Inman LA. The role of the ventral intraparietal area (VIP/pVIP) in the perception of

object-motion and self-motion. NeuroImage. 2020; 213: 116679. https://doi.org/10.1016/j.

neuroimage.2020.116679 PMID: 32112961

107. Warren PA, Rushton SK. Optic Flow Processing for the Assessment of Object Movement during Ego

Movement. Current Biology. 2009; 19: 1555–1560. https://doi.org/10.1016/j.cub.2009.07.057 PMID:

19699091

108. MacNeilage PR, Zhang Z, DeAngelis GC, Angelaki DE. Vestibular Facilitation of Optic Flow Parsing.

PLoS One. 2012; 7: e40264. https://doi.org/10.1371/journal.pone.0040264 PMID: 22768345

109. Dokka K, DeAngelis GC, Angelaki DE. Multisensory Integration of Visual and Vestibular Signals

Improves Heading Discrimination in the Presence of a Moving Object. J Neurosci. 2015; 35: 13599–

13607. https://doi.org/10.1523/JNEUROSCI.2267-15.2015 PMID: 26446214

PLOS ONE The effects of locomotion on visual awareness for optic flow patterns

PLOS ONE | https://doi.org/10.1371/journal.pone.0250905 May 4, 2021 23 / 23

https://doi.org/10.1098/rspb.2010.1895
https://doi.org/10.1098/rspb.2010.1895
http://www.ncbi.nlm.nih.gov/pubmed/20980303
https://doi.org/10.1523/JNEUROSCI.0610-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28993482
https://doi.org/10.1152/jn.1996.76.6.4056
http://www.ncbi.nlm.nih.gov/pubmed/8985900
https://doi.org/10.1046/j.1460-9568.2002.02207.x
https://doi.org/10.1046/j.1460-9568.2002.02207.x
http://www.ncbi.nlm.nih.gov/pubmed/12405970
https://doi.org/10.1152/jn.1989.62.3.626
http://www.ncbi.nlm.nih.gov/pubmed/2769351
https://doi.org/10.1523/JNEUROSCI.14-01-00054.1994
http://www.ncbi.nlm.nih.gov/pubmed/8283251
https://doi.org/10.1016/s0960-9822%2807%2900359-4
http://www.ncbi.nlm.nih.gov/pubmed/9707391
https://doi.org/10.1523/JNEUROSCI.16-15-04716.1996
http://www.ncbi.nlm.nih.gov/pubmed/8764659
https://doi.org/10.1111/desc.12221
http://www.ncbi.nlm.nih.gov/pubmed/25145649
https://doi.org/10.1016/j.neuroimage.2020.116679
https://doi.org/10.1016/j.neuroimage.2020.116679
http://www.ncbi.nlm.nih.gov/pubmed/32112961
https://doi.org/10.1016/j.cub.2009.07.057
http://www.ncbi.nlm.nih.gov/pubmed/19699091
https://doi.org/10.1371/journal.pone.0040264
http://www.ncbi.nlm.nih.gov/pubmed/22768345
https://doi.org/10.1523/JNEUROSCI.2267-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26446214
https://doi.org/10.1371/journal.pone.0250905

