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Abstract

Postural control in quiet standing is often explained by a reflexive response to optical flow,

the apparent motion of environmental objects in a visual scene. However, moving room

experiments show that even small-amplitude body sway can evoke odd sensations or

motion sickness, indicating that a consciousness factor may also be involved. Studies tar-

geting perception of self-motion, vection, typically use rapid visual stimuli moving in a single

direction to maintain a constant feeling of vection, and there are few studies of vection using

low-speed sinusoidal visual stimuli similar to human pendular movement. In the present

study we searched for changes in postural control during periods of vection during quiet

standing. Participants (N = 19, age = 20.4 ±1.1 years) were shown dynamic visual stimuli in

the form of sinusoidally expanding and contracting random dots, and the stimuli speed and

visual field were manipulated. Posture was continually evaluated using Center of Pressure

(CoP) measurements. Participants were also asked to report feelings of vection, both

by pressing a button during the trial and through an overall rating at the end of each trial.

Using repeated-measures ANOVA, we assessed changes in the CoP and vection variables

between experimental conditions, as well as possible interactions between the variables.

The results show that postural reaction and vection were both affected by the visual stimuli

and varied with speed. The peripheral visual field was found to couple to stronger feeling of

vection and better quality of postural control. However, no significant relationship between

postural control and vection, nor evidence of vection interaction to the relationship between

optical flow and postural control, was found. Based on our results we conclude that for pos-

tural stability during quiet standing, visual cues dominate over any potential consciousness

factor arising due to vection.

Introduction

Postural control during quiet standing is complex and requires interaction between many per-

ceptual and motor processes, with visual cues from the environment having been shown to
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play an important role [1]. In performing stable quiet standing, several types of sensory input

—primarily visual, somatosensory and vestibular—depend on the external environment as

well as internal body changes, and is integrated into a multi-sensory scenario by the central

nervous system [2]. This information is then further processed and used to produce motor sig-

nals, creating coordinated reflexive muscle activity to maintain postural control. In case of

conflicting sensory stimuli, sensory reweighting—where more reliability is given to one sen-

sory contribution than others—occurs in real time to accommodate environmental changes

[3]. Vision is recognized as one of the most important sources of information in postural con-

trol during quiet standing, often overriding other sensory input such as the vestibular or the

somatosensory [4].

The important role of vision in postural control during quiet standing is often explained by

a reflexive response to optical flow, the retinal motion of environmental objects in a visual

scene [5, 6]. In quiet standing people naturally sway to compensate for small postural devia-

tions to either side [7, 8]. Sway in the anterior-posterior direction is bigger than medial-lateral

owing to the configuration of the ankle joint and orientation of the head and body [9, 10]. The

classical moving room experiment by Lishman & Lee (1973) was designed to study this reflex-

ive postural control: participants stood on a stable floor surrounded by three-way walls and a

ceiling that were slowly oscillated in a forward and backward direction by the experimenter,

giving anterior-posterior visual cues similar to small-amplitude postural sway [11]. The result-

ing movement pattern of participants showed anterior-posterior displacement matching the

frequency of the moving room. This result has since been replicated in numerous experimental

setups [3, 12–14], and the induced postural sway can be understood in terms of a natural pos-

tural response to reduce optical flow. Efficient postural stability during quiet standing requires

the body to move as little as possible, and under ordinary static standing conditions the

amount of optical flow can be seen as a measure of how much the body moves. Indeed, several

studies indicate that postural control aims to minimize optical flow [5, 6, 11, 15]. In a setting

where the optical flow is experimentally manipulated, such as a moving room, participants

standing still will reflexively adjust their posture to minimize the flow, thereby creating body

sway synchronized with the dynamic stimuli. In such artificial conditions, the natural motor

reaction to minimize optical flow will thus create more movement rather than stabilize pos-

ture; nevertheless, the visual stimuli still dominate the postural response. The results of moving

room experiments are well explained within the framework of reducing optical flow, and allow

for the study of quiet standing slow postural sway in near real-world conditions.

In moving room experiments participants typically do not consciously perceive the move-

ment of the room, yet there are often reports of odd sensations or motion sickness [14, 15].

These feelings indicate that there may be a conscious factor in postural control, in addition to

the reflexive (subconscious) one, even during quiet standing. While both subconscious and

conscious response patterns are mediated via the central nervous system, the neural pathways

likely differ [16]. Subconscious postural control primarily involves the brain stem and spinal

cord (online control; [17]), whereas cognitive information of the self-body and environment

requires processing in the pre-frontal cortex and cerebellum [18]. However, studies have

shown that the cerebral cortex is also involved in reflexive balance control during quiet stand-

ing [19], raising the possibility of interaction between conscious and subconscious responses.

For example, awareness of self-motion (vection) may affect the postural response to optical

flow (i.e., reflexive action). Determining whether such an interaction exists will give new

insight to the conscious-subconscious relationship during postural control in static standing.

Investigating the potential role of consciousness in quiet standing requires a setup with

low-amplitude, low-frequency conditions. Previous studies have shown that vection can

impact postural response [20–24]; however, the adopted visual-stimulus speed was high in
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order to create conditions where vection would be evoked and constant speed or direction

(contraction, expansion, rotation) were used to maintain a continuous feeling of vection. Such

rapid visual stimuli lie far outside the range of natural human motion, and therefore evoke an

acute, high-alert body reaction. There have been very few studies exploring a possible role of

self-motion perception in postural control under conditions similar to the moving room

framework (e.g., using sinusoidally expanding and contracting stimuli, with small amplitude

so participants are not aware of their body sway) necessary to test the impact of vection on

reflexive, small-amplitude body sway.

There are several visual factors that are known to affect postural control, in particular the

visual field and the amount of optical flow. The peripheral visual field is known to have an

advantage for postural control [10, 25] which may be coupled to a greater sensitivity or stron-

ger response to vection. Furthermore, vection has been shown to vary with the speed of visual

stimuli [26, 27]. In the context of oscillating stimuli, greater amplitude (and thereby greater

speed) is therefore likely associated with larger vection. However, it is not known which speeds

are required to evoke vection, and such a threshold may also vary between individuals.

In the present study we examined the potential impact of vection on the relationship

between optical flow and postural control during quiet standing, using conditions simulating

the body leaning forward and backward in a small-scale motion. Our hypothesis was that pos-

tural stability during quiet standing would be modified in the presence of vection, leading to

measurable changes in postural sway. Any such effect is expected to be strongest for large-

amplitude stimuli in the peripheral visual field. To test this we presented sinusoidally expand-

ing and contracting on-screen stimuli, experimentally controlling for amplitude and the visual

field (central and peripheral visual field). The trajectory of postural sway was measured using

the center of pressure (CoP), and vection was evaluated in real time throughout each trial,

allowing us to compare vection properties (onset, total duration, overall strength) and postural

sway between participants. In order to make our results transferrable to real-world standing

conditions, both amplitude and frequency of the stimuli are chosen to lie close to natural val-

ues. However, our setup is designed to produce vection and explore the postural response to

sinusoidally oscillating visual stimuli rather than mimic natural body sway.

Materials and methods

Participants

A power analysis (G�Power 3.1, [28]) showed that our study design required 15 participants to

reach a power of at least 0.80. 19 undergraduate students [(15 male and 4 female), aged 20.4

±1.1year, height 1.73 ±0.09 m, weight 61.34 ±11.55 kg] joined this experiment. They all had

normal or corrected-to-normal visual acuity, assessed via the Landolt ring test. All participants

reported having no other visual impairment, such as deficiency in visual field or presence of

diplopia. In addition, there was no evidence or known history of postural, vestibular or neuro-

logical impairments. All participants were naive to experiments of using dynamic visual sti-

muli or vection, and had never tried virtual reality or virtual environment experiments. The

experiment was approved by the Ethics Committee of Tokyo Metropolitan University, and

each participant was informed of the experimental procedures and gave written consent to

take part in the experiment.

Apparatus

Experimental room. The experiment was conducted in a dark room. Light from outside

the room was occluded, and all the apparatus emitting light in the dark room were covered

with a black sheet. The edge of the display was not visible in the dark room, and no feedback
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reporting that the edge was seen was received. For the participants, only the presented visual

stimuli were seen and no other visual cues were available. The inside of the dark room was

monitored using an infrared camera during the experimental trials by the experimenter seated

outside the room.

Force plate and button. A Nintendo Wii Fit board and Nintendo Wii remote controller

were used to measure the trajectory of CoP and button pressing during quiet standing. All

data were input to a personal computer (through Bluetooth) using free software (OSCulator,

http://osculator.net/). The nominal sampling rate for both Wii Fit board and remote is 100 Hz,

but has been shown to be unstable, up to 40% of the time dropping to 54 Hz [29]. Off-line, all

data were therefore reprocessed to 100Hz sampling through linear interpolation and a 20Hz

Butterworth low-pass filter was applied. Any delay introduced by the Bluetooth transmission

was determined to be lower than the timing accuracy of the measurements (1 ms). Although

the Wii Fit board is originally designed for gaming, the accurate sensor and portability have

led to it being used in several studies as a force plate to measure quiet standing [30, 31]. The

reliability for such studies has been verified [29, 32–34], and the application was tested in our

pilot study [35].

Full characterization of human posture is complex and there are many parameters to con-

sider, such as joint movement, center of gravity and 3D motion [36]. However, for upright

standing a simplified approach using the horizontal CoP displacement is the common

approach in modeling of postural stability [37]. In this study, two CoP dependent variables, Y-

axis (anterior-posterior) range of the CoP trajectory and total length of CoP trajectory (cm),

were calculated from the CoP trajectory data to analyze postural control both quantitatively

and qualitatively. The resulting model corresponds to a mathematical inverted pendulum,

which is still considered as the scientific consensus today. The Y-axis range of the CoP trajec-

tory represents the motion of the foot joint and how big the postural sway was in a quantitative

way. We focus on the anterior-posterior motion, as the presented visual stimuli simulate pos-

tural motion along this axis only, and the participants are viewing the display face-on. The

total length of CoP shows how much effort a participant needs to adjust to the dynamic visual

stimuli in order to keep their posture stable, allowing us to understand the participants’s sway

in a qualitative sense. A low value of this variable means more effective postural control.

Definition of variables. The equations of the variables are shown below, using the defini-

tions:

X ¼ fX1;X2; . . .XNg

Y ¼ fY1;Y2; . . .YNg

N = number of data points

Y-axis range of CoP trajectory (cm). The difference between the maximum and minimum

values of the data points.

LY ¼ MaxðYÞ � MinðYÞ

LY = Y-axis range of CoP trajectory

Total length of CoP trajectory (cm). The sum of trajectory between consecutive data points

L ¼
X

i¼1

N ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXiþ1 þ XiÞ
2
þ ðYiþ1 þ YiÞ

2

q

L = total length of CoP trajectory
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The raw data of the CoP (anterior-posterior and medial-lateral axes) were visually moni-

tored by the experimenter after every trial, and if a large deviation of postural sway (more than

3 standard deviations) occurred, the data from that trial were discarded from subsequent anal-

yses. Such large deviations were rare, and signify a postural shift unrelated to the visual stimuli

(e.g., taking a step). In this case, a new trial was performed to give three viable trials for each

condition.

For the vection evaluation, two variables, latency (sec) and duration (sec), were calculated

from the information gathered via the Wii remote button. Latency is the time between the

start of presenting dynamic visual stimuli until the participants to report vection (time the but-

ton was first pressed). Duration is the total time the button is pressed during each trial. Vection

is by nature a subjective sensation, and the approach of button pressing during the trial and

magnitude estimation methods after each session allows us to quantify it using well-established

methods [20–24, 38].

Display. A 27-inch display (BenQ, GW2760HM) was used to present the visual stimuli. It

has a resolution of 1920 × 1080 pixels and a refresh rate of 75 Hz. The viewing distance was set

at 66cm for the experiment, and the screen height was adjusted for each participant so the cen-

ter of the display was at eye level. The visual angle subtended by the screen was 45˚ and 25.5˚

for the horizontal and vertical axis, respectively.

Stimuli and visual field conditions

Stimuli. The visual stimuli consisted of approximately 900 random dots (8 pixels in diam-

eter), generated and controlled by software (Presentation, Neurobehavioral Systems) run on a

computer (NUC Mini PC, Intel) and presented on the display monitor. A luminous green

cross (0.68˚ in width and height) was used as the fixation point, presented at the center of the

display monitor throughout the experimental trials. Stationary white random dots were pre-

sented on a black background for the first 15 sec, and then those dots started expanding from

the center and contracting from the edge in a sinusoidal motion for 45 sec (Fig 1 and S1

Movie). The frequency of the dynamic stimuli was set to 0.08Hz. This value was chosen to be

Fig 1. Illustration of the visual stimuli. Top row: Schematic showing the movement of the stimuli: first static for 15 s,

then expanding and contracting for 45 s. Bottom row: Images show in the full vision (FV; left), central vision (CV;

middle) and peripheral vision (PV; right) conditions.

https://doi.org/10.1371/journal.pone.0257212.g001
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lower than the frequency of natural ankle sway (0.2–0.3 Hz; [37]), in order to more clearly sep-

arate the effect of the visual stimuli manipulation. Five levels of amplitude for the oscillating

motion were set: 0, 25, 50, 100 and 200 mm. The 0 mm amplitude condition presented static

random dots during the whole trial.

Visual field condition. The visual field conditions were experimentally manipulated into

three: full vision (FV), central vision (CV) and peripheral vision (PV) conditions (Fig 1). Both

the green fixation cross at the center of the display and the random dot pattern in the full dis-

play (i.e., 45˚ wide and 25.5˚ high) were presented with or without occlusion of the central or

peripheral visual field. For the FV condition, the random dot pattern and fixation cross were

presented with no occlusion. For the CV condition, the random dot pattern in the area outside

the central visual field of approximately 8˚ in diameter was occluded, whereas for the PV

condition the area inside the central visual field was occluded, but the fixation cross was

presented.

Procedure

The participants, who were tested individually, were asked to perform quiet standing for 60

seconds on the Wii fit board in Romberg’s standing posture (i.e., both bare feet placed side by

side with no gap) and arms relaxed at either side of their body. During the trials they were

asked to stare at the green fixation cross presented at their eye level in front of them through-

out the trials. At the same time, the participants were also instructed to keep pressing the

hand-held button of the Wii remote whenever they perceived vection in a trial. After each

trial, they were asked to rate the strength of their vection experience using a magnitude estima-

tion method. The estimated values ranged 101 points (0: no vection to 100: very strong vec-

tion). The following instruction was given to the participants regarding the button: “Please

press the button while you are perceiving forward or backward self motion. If such a decision

becomes difficult, or if self-motion perception disappears, please release the button.” Any

more suggestion would lead to a cognitive bias about our hypothesis, because vection can be

modulated by such instruction [38].

For all participants, the experiment was the first time to measure vection, so a training ses-

sion (four amplitude conditions: 0, 25, 100, 200 mm) was set up to allow them to get used to

the experiment. Following this, quiet standing was performed three times for each experi-

mental condition, giving a total of 45 trials (5 levels of amplitude condition × 3 level of visual

field condition × 3 trials) per participant. The orders of amplitude and visual field conditions

were assigned through a randomized incomplete counterbalancing scheme, which fully con-

sidered order effects but only partially compensated for sequencing. This comprised 15 trial

sequences (given 5 amplitudes and 3 visual field conditions). As 19 participants took part in

the study, the last four participants were randomly assigned a sequence (all four were given

different sequences). We used CoP data collected in the interval of 15 to 60 s during the 60 s

standing trial for subsequent analyses. The first 15 s period of standing presented static ran-

dom dots, and was considered a “settlement period”, in which a relatively large postural sway

tended to occur (shown in our preliminary examination; also seen in [25]). A one-minute

break was given after every trial, and a five-minute break was given after every five trials to

avoid physical fatigue and prevent visual after effect. The length and timing of the rest were

freely changeable by the participant for ethical reasons and to avoid motion sickness. The

total experiment time was around 120 minutes. Upon completion of the whole experiment,

participants were asked to write a face sheet, and then asked to verbally report their general

impression about the quiet standing trials, easy/difficult amplitude or visual field conditions,

etc. Subsequent categorization of the participant verbal reports showed small individual
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variations but no general tendencies, and there were no reports of motion sickness in any

condition.

Data analysis

The first analysis investigated if the CoP trajectory was synchronized to the sinusoidal visual

stimuli (as expected in the moving room paradigm; e.g., [39]). To do this, the cross correlation

between the Y-axis CoP trajectory and a 0.08Hz sine wave was computed (Wolfram Mathema-

tica 12.0, Wolfram Research). The 0.08 Hz sine wave corresponds to the visual stimuli. The

resulting cross-correlation curve was used to find the extreme value of cross correlation (either

positive or negative), and the time delay at which it occurred. A positive correlation value indi-

cates leaning forward as the pattern contracts, and a negative value instead indicates leaning

backward. The time lag shows the delay in adjusting the postural sway to the optical flow

(dynamic visual stimuli). A two-way (amplitude × visual field) repeated-measures ANOVA

was performed for the cross-correlation value (after Fisher’s Z score processing) and the esti-

mated time lag.

In a second step, a two-way (amplitude × visual field) repeated-measures ANOVA was per-

formed for the CoP and vection variables, respectively. When a significant main effect or inter-

action was found, simple main effects tests would subsequently be performed; for significant

main effects, multiple comparisons would be performed by the Bonferroni method. The statis-

tical significance was set at α = 0.05. The Greenhouse-Geisser adjustment for significance was

used when the sphericity assumption was violated. For each significant main effect, the effect

size was calculated using partial eta squared (Z2p).

To look for correlation between postural control and vection, the Pearson’s correlation

coefficient between CoP variables and vection variables was computed. Both CoP and vection

variables could be affected by the visual stimuli, so correlation between them were calculated

at each amplitude condition. For the analysis of correlation, relative CoP variables were used;

each CoP variable was normalized by the value of the 0 mm amplitude condition (static ran-

dom dots condition), to account for systematic individual differences.

As a final check, participants were separated into two groups based on the total duration

of vection reported. The five participants who reported the shortest vection duration were

assigned to the “weak” group, and the five participants with longest vection duration to the

“strong” group. Three-way mixed-design ANOVAs (vection group, amplitude and visual

field) were then performed for the two CoP variables (Y-axis displacement and total CoP

trajectory).

Results

As our visual stimuli were designed to evoke anterior-posterior sway, we expected any

response to be strongest in this direction. However, in our original analysis we also looked for

effects on the medio-lateral displacement as well as the sway area. All variables showed the

same tendencies as the anterior-posterior displacement and total length of CoP trajectory.

Therefore, we only present these two variables below.

CoP variables

A sinusoidal trend was observed in the anterior-posterior trajectory (Y- axis) of the CoP data,

with a few sec delay compared to the onset of the dynamic visual stimuli (Fig 2). As described

above, we computed the cross-correlation between the Y-axis motion of the CoP and a 0.08 Hz

sine wave, to measure the similarity between the two time series (Fig 2). A larger cross-
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correlation value indicates that the anterior-posterior CoP trajectory more closely follows the

sinusoidal dynamic visual stimuli. The average cross-correlation values ranged from 0.35 to

0.54 in the dynamic visual stimuli conditions, and had a mean value of 0.24 ± 0.09 for static sti-

muli (0 mm condition). A multiple comparison test showed that the cross-correlation value at

the 0 mm amplitude condition is significantly smaller than any of the dynamic visual stimuli

conditions (25, 50, 100, 200mm, p<0.05). A two-way (amplitude × visual field) repeated-mea-

sures ANOVA performed only including the dynamic visual stimuli showed no statistically

significant differences between the amplitude conditions. A two-way (amplitude × visual field)

repeated-measures ANOVA using all results shows no significant main effect for visual field

[F(2,36) = 3.157, p = 0.058, Z2p ¼ 0:149], nor any significant interaction [F(4.994, 89.888)<

1.0]. We thus confirm that the CoP trajectories during the dynamic visual stimuli were manip-

ulated by the visual stimuli. Analyzing the delay of lag between the CoP trajectory and the

visual stimuli, there was no significant main effect for amplitude [F(2, 36) = 2.117, p = 0.087,

Z2p ¼ 0:105] or visual field [F(4,72) = 1.234, p = 0.303, Z2p ¼ 0:064], nor any interaction [F(8,

144) = 1.906, p = 0.063, Z2p ¼ 0:096]. The lag in the CoP trajectories was a few seconds, and

similar values were seen in all visual field and dynamic amplitude conditions. Even in the big

amplitude condition, the pattern of sinusoidal CoP sway and the postural reaction time to the

visual stimuli were the same.

To test the effect of the different amplitude and visual field conditions, a two-way

(amplitude × visual field) repeated-measures ANOVA was first performed for the Y-axis CoP

displacement. There is a significant main effect for amplitude [F(1.515, 27.261) = 20.792, p<
0.001, Z2p ¼ 0:536], but no significant main effect for visual field [F(1.278, 23.011) = 1.553,

p = 0.230, Z2p ¼ 0:079] or interaction [F(2.803, 50.449) = 2.086, p = 0.118, Z2p ¼ 0:104] (Fig 3).

Multiple comparisons tests show that the Y-axis CoP displacement is significantly smaller dur-

ing static stimuli than the dynamic visual stimuli conditions (0mm vs 25, 50, 50, 100, 200 mm;

p< .001). The displacement in the smallest amplitude condition was furthermore significantly

smaller than in the biggest amplitude condition (25mm vs 200mm, p<0.05). However, the Y-

axis CoP dispalcement shows no statistical difference regardless of the visual field. This indi-

cates that both the peripheral and central visual fields are sensitive to the differences in the

visual stimuli amplitude, and mediate similar postural reactions.

The total length of the CoP trajectory shows a significant main effect for both visual field

[F(2, 36) = 12.131, p< 0.001, Z2p ¼ 0:403] and amplitude [F(2.620, 47.152) = 138.486, p<
0.001, Z2p ¼ 0:885], and also an interaction [F(4.330, 79.748) = 5.408, p< 0.001, Z2p ¼ 0:231]

(Fig 3). The subsequent simple main effects tests show a significant simple main effect for

Fig 2. The measurement variables. Left: Y-axis CoP data (blue line), visual stimuli motion pattern (red line) and times

that button is pressed (black). Right: Cross correlation between CoP and a 0.08 Hz sine wave (red line in left panel after

15 s).

https://doi.org/10.1371/journal.pone.0257212.g002
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visual field in the 0 [F(2, 36) = 7.923, p< 0.001, Z2p ¼ 0:306], 50 [F(2, 36) = 3.516, p< 0.04,

Z2p ¼ 0:163] and 100 mm [F(2,36) = 32.387, p< 0.001, Z2p ¼ 0:648] amplitude conditions.

The total length of the CoP trajectory in the static condition (0 mm) was always significantly

shorter than in the dynamic conditions. At the 0, 50, and 100 mm conditions, the total length

of the CoP trajectory in the CV condition was significantly longer than in the PV and FV con-

ditions (p< 0.05). Postural control using the central visual field thus showed greater sway and

used more energy than when using the peripheral visual field.

Vection variables

Table 1 summarises the number of participants who perceived vection in each of the condi-

tions (both visual field and amplitude). Although the number varied, all participants reported

feeling vection in at least some conditions. Interestingly, a few participants reported vection

even for the static condition.

Two-way (amplitude × visual field) repeated-measures ANOVAs were then performed for

the three vection variables (rating, latency, and duration), resulting in significant main effects

for visual field [F(2, 36) = 15.050/ 12.466/ 7.847, p< 0.0001, Z2p ¼ 0:455=0:409=0:316] and

amplitude [F(3, 54) = 11.705/ 15.179/ 8.658, p< 0.001, Z2p ¼ 0:394=0:457=0:337], but no sig-

nificant interaction [F(6, 108) = 1.021/<1.0/ 1.590, p = 0.416/-/ 0.158, Z2p ¼ 0:054= � =0:086]

(Fig 4). The multiple comparisons tests show that the vection rating, latency and duration in

the small amplitude conditions (25, 50mm) were significantly smaller, longer and shorter,

respectively, than in the large amplitude conditions (100, 200mm) (p< .05). Furthermore,

the vection rating is significantly smaller at the central visual field condition compared to the

peripheral and full visual field conditions (p<0.05).

Fig 3. CoP variables. Anterior-posterior CoP displacement (left) and total length of CoP trajectories (right) at each

amplitude. Lines with asterisks show significant differences (p< 0.05) between amplitude conditions, and single

asterisks show significant (p< 0.05) differences in a visual field condition within an amplitude condition.

https://doi.org/10.1371/journal.pone.0257212.g003

Table 1. The number of participants who perceived vection at each visual field and amplitude condition.

Amplitude condition Central visual field Peripheral visual field Full visual field

0mm (Static visual stimuli) 3 (15.79%) 3 (15.79%) 5 (26.32%)

25mm 13 (68.42%) 18 (94.73%) 16 (84.21%)

50mm 14 (73.68%) 18 (94.73%) 19 (100%)

100mm 18 (94.73%) 18 (94.73%) 19 (100%)

200mm 17 (89.47%) 19 (100%) 19 (100%)

https://doi.org/10.1371/journal.pone.0257212.t001
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Correlation between CoP and vection variables

To search for a possible correlation between postural control and vection, Pearson’s correla-

tion coefficient was calculated between the vection variables and the total CoP trajectory. Since

both CoP and vection variables are affected by the visual stimuli, correlations were calculated

at each amplitude condition. To minimize any impact caused by individual motion patterns,

the values of the CoP trajectory were normalized by the value in the 0 mm amplitude

Fig 4. Vection variables at each amplitude. Top left: rating. Top right: latency. Bottom: duration. Boxplot central white line indicates the median, and the

horizontal black line marks the mean. Bottom and top edges of the box indicate 25th and 75th percentiles, respectively. Whiskers show extent of data, with

dots marking individual outliers. Lines with asterisks show significant differences (p< 0.05) between amplitude conditions, and significant (p< 0.05)

differences between visual field conditions within an amplitude condition.

https://doi.org/10.1371/journal.pone.0257212.g004
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condition. The results show that there is no significant correlation between postural sway and

any vection variable within each amplitude condition (p> 0.05, Table 2).

Comparison of “weak” and “strong” vection groups

In order to more deeply test for any coupling between vection and postural response, we sepa-

rated participants into two groups based on the total duration of vection reported. We there-

fore assign the six participants who reported the shortest vection duration to the “weak”

group, and the six participants with longest vection duration to the “strong” group. Three-way

mixed-design ANOVAs (vection group, amplitude and visual field) were performed for the

two CoP variables (Y-axis displacement and total CoP trajectory), and there is no significant

main effect for the vection group or interaction between group and the other two factors. This

result shows that although one group reported greater vection than the other, those partici-

pants did not necessarily move more.

Possible coupling between vection and large postural sway

While there is a general trend of anterior-posterior motion following the dynamic visual sti-

muli, sometimes the participants displayed sudden episodes of greater sway, clearly above the

regular random natural variations. Interestingly, in many cases vection was reported simulta-

neously with this deviation. The participants were therefore separated into two groups, those

who showed a big (>1.5σ) CoP deviation when they reported vection (big deviation group)

and those who did not (normal sway group), and three-way mixed-design ANOVAs (group,

amplitude and visual field) were performed using the CoP variables. There was a significant

simple main effect for the group [F(1, 10) = 3.445, p = 0.029, Z2p ¼ 0:256], where the partici-

pants who simultaneously felt vection and swayed have significantly bigger CoP Y-axis range

compared to the participants who reported vection without body sway. This is expected, as

large CoP sway was a criterion for defining the groups. However, there is no significant differ-

ence in total length of CoP between the two groups [F(1, 10)<1.0] (Fig 5). Three-way mixed-

design ANOVAs using vection variables revealed no significant main effect for the group

[F(1, 10) =<1.0], but significant interaction for group and amplitude with vection variables

[F(3,30) = 3.247/ 4.947/ 4.881, p = 0.036/ 0.018/ 0.034, Z2p ¼ 0:254=0:331=0:379]. The subse-

quent simple main effect is significant only in the normal sway group [F(3, 15) = 9.062/ 6.262/,

Table 2. Correlation between total CoP trajectory and vection variables at each visual field condition.

Vection variables Visual field Amplitude of stimuli (mm)

25 50 100 200

ra pa r p r p r p

Rating Central visual field 0.12 0.61 0.13 0.60 0.21 0.40 0.27 0.26

Peripheral visual field 0.04 0.87 0.24 0.33 0.11 0.65 0.22 0.37

Full vision 0.37 0.12 0.12 0.62 0.30 0.21 0.26 0.29

Latency Central visual field 0.00 1.00 0.16 0.51 0.37 0.12 0.07 0.79

Peripheral visual field 0.21 0.39 0.107 0.78 0.36 0.14 0.10 0.69

Full vision 0.17 0.49 0.27 0.26 0.04 0.86 0.29 0.23

Duration Central visual field 0.18 0.46 0.44 0.06 0.39 0.10 0.34 0.16

Peripheral visual field 0.06 0.82 0.05 0.83 0.06 0.81 0.01 0.98

Full vision 0.43 0.07 0.26 0.29 0.09 0.71 0.17 0.49

aThe correlation coefficient is denoted r and p gives the corresponding p-value.

https://doi.org/10.1371/journal.pone.0257212.t002
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3.601, p = 0.001/ 0.006/ 0.039, Z2p ¼ 0:462=0:664=0:419], meaning that the increase of vection

with amplitude was significantly larger in that group (Fig 5). For the group that showed large

CoP deviations during vection, no correlation between visual stimuli amplitude and any vec-

tion variable was seen.

As this analysis was not part of the original design, no calculation of the power or required

sample size was made before the experiment was conducted. A predictive (“a priori”) analysis

performed with G�Power using an intermediate effect size (Z2p ¼ 0:06), showed that 34 partici-

pants would be needed to achieve a power>0.80. However, a retrospective power analysis (“post

hoc”) for the interactions based on the actual observed effect sizes (Z2p ¼ 0:245=0:331=0:379)

showed an achieved power>0.95 in all cases. Although our results are based on 12 participants,

they indicate that further studies are warranted.

Discussion

The main goal of this study was to clarify whether vection affects the role of optical flow in pos-

tural control during quiet standing. With this purpose in mind, both postural sway and vection

were manipulated by the optical flow induced by the visual stimuli, and the relationship

between the two factors was investigated. Sinusoidally expanding and contracting visual sti-

muli were used, and vection was measured both quantitatively and qualitatively. To further

understand postural control and vection, possible differences between the central and periph-

eral visual fields were considered.

Validation of postural manipulation and vection

Our results clearly showed that we could induce postural sway using a display with sinusoidally

and slowly moving dots, as CoP variables increased with amplitude and we found the expected

correlation between visual stimuli and the postural trajectory. The maximal cross-correlation

values found ranged from 0.35 to 0.54, which is comparable to those found in studies using

visual stimuli at frequencies close to that of natural body sway (around 0.3 Hz; e.g., [39]). We

used a lower frequency to more clearly separate the effect of natural sway and the experimen-

tally manipulated reaction, but the results nevertheless fit well with previous studies within the

context of the moving room paradigm.

Fig 5. Comparison between the two sway groups. Total length of CoP trajectory (left) and vection duration (bottom) for the two groups (see text for

details). Lines with asterisks show significant differences (p< 0.05) between amplitude conditions.

https://doi.org/10.1371/journal.pone.0257212.g005
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To further validate our setup we compared our clear-cut trends regarding vection (e.g., the

relationship between vection and visual stimuli speed) to existing results. Previous vection

studies have shown that vection rating, latency and duration become respectively stronger,

shorter and longer when the participant feels stronger vection [26, 27]. These previous findings

suggest a typical vection latency of four to seven seconds after the start of the moving stimuli

[40]. We observed an average latency of 6.8 ± 1.6 sec (FV 200mm condition, where every par-

ticipant reported vection), matching previous studies. We further found a proportional rela-

tionship between the amplitude of visual stimuli and vection evaluation, with vection being

stronger in the bigger amplitude conditions. Previous studies have shown increasing vection

evaluation with the speed of visual stimuli [26, 27], and our results agree with these findings.

In studies of linear vection, dynamic visual stimuli are manipulated in one direction and/or

with constant speed, while our results are obtained from stimuli where both direction and

speed vary. That we nevertheless find the same major trends supports our belief that our results

are indeed coupled to the same sense of vection as evoked by rapid motion, and not affected

by our choice of stimuli.

Not all previous attempts to replicate a moving room have succeeded with a restricted visual

field [41], but we could replicate the swinging room by using a 27-inch desktop display (45

degree visual field) in a dark room where the display was the only visual cue. Possible reasons

for this include the posture of the participants (we required them to stand upright with feet

together), and that the dark room made it easier to concentrate on the visual cue. Another

interesting aspect in our setup which may play a role is that we asked participants to press a

button during the standing trial, whenever they experienced vection. Within the constrained

action hypothesis, it is possible that this multiple task created a more immersive situation,

reducing the conscious focus on posture and promoting an automatic postural reaction [42,

43]. This dual task of button pressing and quiet standing could help in replicating the results of

the moving room setup, even with a relatively modest visual angle.

The relationship between postural control and vection

At first, we investigated a possible relationship between CoP and vection, and based on the

correlation coefficient there is no strong evidence for an interaction between them. Within the

participants there is a significant correlation between CoP and vection variables, but both vari-

ables are affected by the same dynamic visual stimuli. To investigate whether postural sway is

directly affected by vection, we studied the correlation between subjects. As our results indi-

cated, no significant correlation was found. Previous vection studies have reported that vection

affects postural sway [20, 21, 44], but in these studies the speed of the visual stimuli is more

than 10 times greater than in our setup. One possibility is thus that the sensation of vection

might be weaker in our experiment. Nevertheless, we conclude that vection is not a mediator

of postural sway under slow speed visual stimuli. Comparing with the study of Horiuchi et al.

[25], our results indicate that the presence of optical flow indeed leads to more stable posture,

and that vection (if present) does not have a major influence on postural stability during quiet

standing.

A possible relationship between vection and postural sway was further investigated by sepa-

rating the participants into “strong” and “weak” vection groups, but the postural response

did not differ significantly between the groups. This result reinforces the conclusion that the

amount of perceived vection does not influence postural control in slow-speed conditions,

and points to large individual differences. Even if the same dynamic visual stimuli were

shown, subjective self-motion perception could be different, but the feeling of vection reported

cannot be coupled to postural control in our study. On a general level, both vection and
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postural sway increased with the visual stimuli amplitude, yet for the same visual stimuli and

similar postural sway, the feeling of vection reported can vary greatly between participants.

Understanding the relationship between conscious and subconscious processing in postural

control can also give information about the neural interaction behind the two processes. Visual

sensory input is primarily transmitted from the retina, via the lateral geniculate nucleus (LGN)

in the thalamus, to the primary visual cortex (V1). From V1 there are two major pathways:

information about motion and location of objects is transmitted via the dorsal stream to the

ventral intra-parietal area (VIP), and object identification and recognition is mediated via the

ventral stream to the temporal lobe. There is an ongoing debate whether the functional dichot-

omy between dorsal and ventral streams also signify a dissociation between subconscious (dor-

sal) and conscious (ventral) visual processing. Increasing evidence suggests that these streams

are not independent, and that there exits a cross-talk network integrating the pathways [45,

46]. For example, the VIP is known to have large receptive fields and selectivity for optical flow

patterns that simulate self-motion [47], as expected for processing the spatial signals mediated

by the dorsal stream. However, it has also been shown that activity in the VIP is significantly

increased when experiencing vection [48], indicating its involvement during a conscious

response.

If both conscious and sub-conscious responses are processed in the VIP, our results raise

the question of whether there are differences in how they are mediated. The visual stimuli

clearly evoke a postural reaction (subconscious) response, and for many of the trials partici-

pants report vection (signaling a conscious response). However, the presence of a conscious

response does not translate to any measurable impact on postural sway. Either vection does

not generate any motor signals, or they are overridden by the subconscious response. As previ-

ous studies of vection have been shown to give a clear postural response, it may be that a cer-

tain threshold is required in order for the conscious reaction to evoke a motor response. It is

known that the conscious system can override the subconscious [22, 23]; our results show this

need not always be the case.

Visual processing has also been connected to the extrageniculate pathway, which is a media-

tor of visual cues from the retina to the extrastriate cortex (the higher visual cortex). Signaling

occurs through the superior colliculus (SC) and pulvinar nucleus of the thalamus, bypassing

V1, and stimulus velocities have been found to be higher than that to V1 [49]. This pathway

may therefore play a strong role in subconscious processing of visual signals. Although the

higher visual cortex mainly depends on information from V1, the extrageniculate pathway is

believed to be able to carry information about form as well as spatial perception [50]. The SC

plays a major role in sensory-motor integration, further supporting a role of the pathway in

postural control. In our case, the extrageniculate pathway could mediate the postural response

to the visual stimuli (optical flow), whereas the sensation of vection instead is mediated via the

VIP. We can then speculate that the delay in vection after presenting the visual stimuli is a sign

of the different pathways. This picture also offers an explanation for the lack of change in pos-

tural stability in response to vection; although vection is generated in the VIP, these signals

may require a certain threshold to be fed forward to the higher visual cortex.

Reflexive postural control is strongly coupled to the vestibular system, where signals are

sent directly to the vestibular nuclei in the brain stem [51]. This can trigger a reflexive motor

response through the spinal cord allowing rapid postural readjustment, before higher order

processing and sensory integration. The vestibular nuclei are known to receive multisensory

information, including from the visual system [52], making it relevant to consider a possible

subcortical input from the visual pathways. If the same reflexive system is triggered by visual

cues, this would provide further context for our finding that vection does not impact postural

response—the subcortical pathways of reflexive postural adjustment allow correction before
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the sensory integration leading to conscious registration of vection. However, this scenario

requires an additional mechanism (such as a threshold) to explain the lack of motor signals

generated by vection, as postural stability remains constant throughout the trial.

In some trials vection was reported simultaneously with a large CoP deviation. These par-

ticipants might have felt the real postural movement as self-motion perception, and reporting

vection was therefore not a sign of visually induced vection. During the trial participants were

focusing on the standing task in a dark room, so they could not discern between real move-

ment and the self-motion illusion caused by the dynamic visual stimuli. Another possibility

is that bringing self-motion perception to a conscious level evoked postural deviation. The

awareness of self-motion can be seen as disturbance of the consciousness and that could affect

smooth postural sway. However, visually induced vection has a few seconds latency, making

it less likely that the phenomenon of simultaneous vection is related to the “typical” vection

caused by the dynamic visual stimuli. The participants who simultaneously felt vection and

swayed have significantly bigger CoP Y-axis range than the participants who answered vection

without body sway. This is not surprising, since a period of large postural sway was a criterion

used for selecting the groups. However, there was no difference in the total length of CoP,

meaning that the postural strategy in both groups was the same. The analysis of vection

showed an interaction between group and visual stimuli amplitude. Only the group which did

not have a concurrent large sway showed the expected increase in vection with visual stimuli

amplitude. We believe that this result is due to the way participants perceive the concept of

vection. Some participants reported vection when feeling actual postural sway, and were there-

fore not so much influenced by the visual stimuli—they will always report some vection. Other

participants did report visually induced vection, which then strongly correlated with the visual

stimuli. Although the power analysis showed that a larger number of participants may be

required to verify these findings, this is a key discovery for designing future experimental set-

ups; one reason the two cases are mixed could be that our visual stimuli emulating slow pos-

tural motion lie close to the threshold for visually induced vection.

Vection response and visual field dependence

In the vection variables, there were significant main effects for the visual field, and the advan-

tage for the peripheral condition could come both from the difference of the physical area and

depth information. At the peripheral visual field, the vection rating, latency, and duration were

significantly stronger, shorter and longer, respectively, than that observed in the central visual

field. There could be two reasons for the difference between the visual fields. One is the total

area and physical quantity of visual stimuli. At the peripheral visual field, both areas and the

number of dots are bigger than for the central visual field (CV: 0–7 degrees, 25 dots; PV: 7–45

degrees, 900 dots). The amount of visual stimuli presented affects the vection evaluation more

than the difference between the central and the peripheral visual fields [53]. So the bigger

visual field area could be the reason why vection evaluation is greater in the peripheral visual

field condition. Another reason is the rich information of depth in the peripheral visual field,

and the depth information makes vection evaluation stronger [54]. In our visual stimuli, the

fixation cross was located in front and center, and the peripheral visual field is relatively far

and back, causing binocular disparity. Presenting stimuli in the peripheral visual field could

therefore lead to stronger vection because of the sense of depth. We are planning a subsequent

study where the same physical quantity of visual stimuli is presented in the central and periph-

eral visual fields (25 dots shown in each visual field condition). Further research will reveal

whether the differences in vection between visual fields is caused by our experimental setting

or other factors.
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The result of the total length of CoP trajectory points to a more efficient peripheral visual

field also regarding postural stability. As is expected, there was a main effect for the visual field

factor, and the subsequent post hoc test revealed significantly greater length in the central

visual field condition than for the peripheral and full visual fields. The purpose of measuring

the total length of CoP is to confirm the strategy of keeping the balance within an area. Even if

participants move within the same postural area, the trajectory can be very different—many

smaller movements within that area lead to a large total trajectory, while a very stable posture

with a few larger deviations give a small total trajectory. Our results thus point to different

strategies for or quality of visually guided postural control. Furthermore, these strategies seem

not to be affected by the presence of vection. Given that the peripheral field seems to evoke

stronger vection, we would expect any impact from vection on postural control to be strongest

in this condition. However, we observed no effect from vection in any visual field condition,

strengthening our main result that vection does not affect strategies for postural control under

slow speed visual stimuli.

Limitations

There are several ways in which our study can be improved and expanded. While CoP mea-

surement is a common means of measuring postural control, there are a number of other mea-

sures in the literature, e.g., joint movement, center of gravity and 3D motion (e.g., [36]). Our

data show no effect on the CoP, but we cannot rule out that vection can affect other measures.

The discovery of is another interesting result of our study. Due to our small sample size, we

cannot present any conclusive results on the two potentially different vection responses

(induced by either visual stimuli or self motion), showing that a greater number of participants

is needed to explore this further. A further limitation in our setup is the visual field we can

investigate. Due to the size of the monitor we can only probe the near-peripheral field. The

functional importance of the far peripheral field is poorly investigated [55], so presenting

visual stimuli here could potentially give different results. Finally, in order to measure vection

in real-time we asked participants to press a button. This effectively introduces a dual task,

which could potentially affect the neural pathways and thereby influence the result of the trial.

Nevertheless, we see our study as an important step towards understanding the relationship

between postural control and vection.

Conclusions

In this study we measured postural sway while presenting dynamic visual stimuli in different

areas of the visual field, and investigated the dependence on the presence of vection. We pre-

sented sinusoidally expanding and contracting visual stimuli that simulate the body leaning

forward and backward in small-scale naturalistic motion. We controlled on-screen stimuli

with amplitude and visual field conditions. Our results showed that the visual stimuli induce a

similar pattern of postural sway, with amplitude increasing with that of the visual stimuli. Vec-

tion was evaluated in real time throughout each trial, allowing us to compare vection proper-

ties (onset, total duration, overall strength) and postural sway between participants. The

correlations between CoP and vection variables are not significant, and we could not support a

direct relationship where participants who reported stronger vection would sway more than

those reporting weak or no vection. As the presence of vection does not affect the postural

sway induced by the visual stimuli, we find no evidence for interaction between conscious and

subconscious response. To our knowledge there is no previous study where vection was quan-

titatively measured using sinusoidally expanding and contracting visual stimuli, and this study

is thereby the first where vection is measured with stimuli reproducing those of the moving
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room paradigm. We could report on the postural sway and vection induced in the moving

room paradigm, and found no significant relationship between perception and action in this

experiment condition.

Supporting information

S1 Movie. Example of dynamic visual stimuli shown. Full vision, 50 mm amplitude

condition.

(MOV)
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