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We compared two measures of visually induced body sway—head motion and centre of pressure (CoP)—that were simultaneously measured while observing optic flow on a head-mounted display (HMD). Head motion can be conveniently tracked with HMDs, but may have some features different from those of conventional CoP measurements, because of the complex joint structures of the human body. In this analysis, the responses were very similar (except for response gain), and we did not find any significant differences in time or frequency domains. Our results support the use of head motion as a potential predictor of variability in body sway, at least in studies of visually guided postural control.
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INTRODUCTION
Visual optic flow induces a sense of self-motion referred to as ‘vection’ that affects our postural control (Dichgans and Brandt, 1978). Vection can be useful in assessing virtual reality (VR) experiences as an indicator of immersion and possibly sickness, but it is often criticised for lack of objectivity. Postural sway is expected to serve as a more objective alternative measurement (Palmisano et al., 2015). Current HMD products have built-in gyro sensors, and some also have external sensors that track the head position in order to update the visual display following the viewers’ movement; therefore, head movement can be accurately tracked without extra equipment (Kim et al., 2015). We have utilised this feature and found that the lower visual field offers superior advantages in postural control and vection (Fujimoto and Ashida, 2019) and opposite sway to optic flow in standing and sitting postures (Fujimoto and Ashida, 2020). Here we sought evidence for the support and validity of head-motion measurement as a way to monitor body sway in subjects wearing an HMD.
Studies of postural sway conventionally measured centre of pressure (CoP), as a proxy for centre of mass (CoM; also called centre of gravity; see Murray et al., 1967). CoP is measured with a force plate on which the participant stands and has been utilised in studying the effect of optic flow on postural control (Bertenthal et al., 1997; Chowdhury et al., 2021; Horiuchi et al., 2021; Sugiura et al., 2015). CoM is computed as the weighted average of segments and thus requires tracking of multiple points on the body (Lafond et al., 2004). The relationship between CoP and CoM has been closely examined (Murray et al., 1967; Lafond et al., 2004). CoM can be practically derived from CoP, but it is less clear how head motion is related to CoP. Saldana et al. (2017), using a VR HMD, assessed postural balance in older adults and obtained similar results with head motion and CoP, but direct comparisons of the responses were not made. Lubetzky et al. (2022) reported strong correlations between head and CoP responses to visual anterior-posterior motion, but also mentioned discrepancies under dual-task conditions. Their visual stimuli of abrupt movements of visual walls were not optimal for inducing vection.
The purpose of this study was to concurrently measure and compare head motion with CoP, while viewing visual optic flow that would induce substantial vection. Standing on a force plate while wearing an HMD, participants observed optic flow simulated forward and backward motion. To fully assess the influence of the visual effects, we reversed the optic flow direction (forward/backward) periodically and analysed the resulting changes in postural sway in both time and frequency domains. An increase in the frequency of directional oscillation is an indicator of visually guided body sway (van Asten et al., 1988; Bertenthal et al., 1997; Chowdhury et al., 2021; Sugiura et al., 2015).
METHODS
Participants
Seventeen healthy undergraduate students of Kyoto University participated in this study as part of a 2021 course requirement (age: 19–23 years, mean = 20.5 years; seven females, nine males, and one participant of undisclosed gender). They had either normal or corrected-to-normal vision. Written informed consent was obtained for participation and for anonymous use and publication of the data. The experimental procedure was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee of the Psychological Science Unit, Kyoto University (No. 29-P-6).
In a preliminary experiment with 21 students (data not included due to technical problems), the measured phase-lag correlation between the two methods (see below) was strong (Pearson’s coefficient r was >0.75, including an outlier). On the basis of this, a post-hoc power analysis using G*Power 3.1 (Faul et al., 2009) showed that the power (1-β) exceeded 0.98 for the correlation analysis for 15 participants in the current experiment (given that data from two participants were partially missing). The power for interactions in ANOVA with a full within-factor design could not be assessed with G*Power.
Apparatus and stimuli
We presented a radial optic flow of random dots (Figure 1) on a head-mounted display (Oculus Rift CV1, Meta Platforms, Inc., Menlo Park, CA, United States) controlled by a PC running Windows 10 (Microsoft, Redmond, WA, United States). The display resolution was 1,080 × 1,200 pixels for each eye, subtending about 110 degrees of visual angle diagonally, and the refresh rate was 90 Hz. The visual stimuli were created and controlled with the 3D Unity engine 5.6.0f3 (Unity Technologies, San Francisco, CA, United States). The apparatus and stimuli were adapted from our previous work (Fujimoto and Ashida, 2019; Fujimoto and Ashida, 2020).
[image: Figure 1]FIGURE 1 | Schematic view of the optic flow stimulus. Successive frames were superimposed to give the impression of expanding or contracting motion.
The position of the HMD was recorded at a rate of 50 Hz as a measure of participants’ head motion. The centre of pressure was measured concurrently while standing on a force plate (Wii Balance Board, Nintendo, Kyoto, Japan) that was controlled by another Windows-10 PC at a variable sampling rate of up to 100 Hz (see Audiffren and Contal, 2016).
The optic flow stimuli consisted of white dots (implemented as spheres) presented on a dark background, which were scattered in the 3D space (see Fujimoto and Ashida, 2020, for details). The virtual camera moved backward and forward at a constant speed of 9.4 m/s in the Unity space, resulting in expanding and contracting optic flow in 3D (with binocular disparity) that changed directions at a rate of 0.1 Hz or 0.05 Hz (i.e., changing directions in a cycle of 5 s or 10 s; see Figure 2A). We used relatively slow oscillations because the building up of vection is known to take a few seconds (Palmisano and Riecke, 2018). About 450 dots were visible at any moment. A baseline condition was also run in which the dots were stationary throughout the trial.
[image: Figure 2]FIGURE 2 | Results in the time domain. (A) Averaged CoP and head motion along the anterior-posterior (A–P) axis throughout the trial, for the baseline, 0.05 Hz change rate, and 0.1 Hz change rate conditions. Solid lines show simulated body motion by the optic flow. (B) Cross-correlations between head motion and CoP, each corresponding to the above time-series plot. Grey vertical lines indicate 0 lag and stimulus cycles for each condition. In all panels, shaded areas show 95% confidence intervals.
Procedure
Participants were tested one-by-one. With aid from the experimenter, the participant wore the HMD on top of a disposable HMD mask and stood on the balance board with their shoes off. Then, each of the three conditions (0.1 Hz, 0.05 Hz, and stationary baseline) was tested once. The first trial was always the baseline, and the order of the other two conditions was counterbalanced across participants. Participants had brief rest periods between trials, while they maintained their standing position. The sessions lasted about 10 min for each participant.
At the beginning of each trial, the participant was asked to look straight ahead and align a small head-contingent white disk inside a larger disk that was fixed in the environmental space. When the participant aligned the disks together for 3 s, the disks disappeared and the trial started. After 10 s of viewing static stimuli, the optic flow stimuli were presented for 100 s. The participant was instructed to stand still and look straight at the centre of the flow (i.e., the focus of expansion/contraction). After each trial, we asked participants to rate their feelings of body movement by verbally reporting a number between 0 (no movement) and 100 (extremely strong movement).
Analyses
We used MATLAB (version 2021b; MathWorks, Inc., Natick, MA, United States) and RStudio (2022.02.3, RStudio Team, 2022; with R version 4.1.2, R Core Team, 2021) for data analyses and plotting figures. We used JASP (version 0.16.3, JASP Team, 2022) for statistical tests of classical and Bayesian ANOVA. If Mauchly’s test of sphericity indicated that the assumption of sphericity was violated (p < 0.05), the Greenhouse-Geisser correction was applied. We used the Holm-Bonferroni method of adjustment for post-hoc comparisons. We also used the ‘anovakun’ function of R (free software by Ryuta Iseki, version 4.8.7) for post-hoc comparison of the peak powers (see below). The subjective ratings of body movement were analysed by one-way repeated-measures ANOVA for the three levels of direction-change rate (baseline, 0.05 Hz, 0.1 Hz).
Time-series signals of head position and CoP along the anterior-posterior axis of the body, which were directly related to the optic flow, were extracted and pre-processed. The CoP data were resampled at 50 Hz, and the time stamps were adjusted to the head position data by using a trigger signal from the main PC. Signals from each run were low-pass filtered by using a fifth order Butterworth filter with a cut-off frequency of 10 Hz (following Palmisano et al., 2014) to remove high-frequency artefacts that emerged frequently in the CoP data. The phase response was −0.014 rad at 0.05 Hz and −0.028 rad at 0.1 Hz, which can be treated as negligible in our results. The correlation of time-series signals (Pearson’s r) at 0 lag was computed as a crude index of similarity. The cross-correlation of time-series signals between the two measurements was computed for each condition after removing linear trends and autocorrelations from each run of the time-series signals by taking the first-order differences.
Power and phase spectra were computed by fast-Fourier transform. The log-power values at the frequency of directional changes (0.05 Hz and 0.1 Hz) were extracted and fed into a three-way repeated-measures ANOVA (measurements: head motion, CoP; direction-change rate: 0 Hz, 0.05 Hz, 0.1 Hz; peak frequency: 0.05 Hz, 0.1 Hz). Post-hoc comparisons were made for the relevant pairs at each peak frequency. A Bayesian repeated-measures ANOVA was also conducted for supporting null effects.
The angular phase lag was defined as the phase value of the measured head motion and CoP signals subtracted from that of the simulated body motion (camera position), at the frequency of direction change. As the phase values were circular, they were adjusted to fall between −π and π. By this definition, positive values indicate body motion in the direction of the simulated self-motion, while negative values indicate body motion in the opposite direction of the simulated self-motion, with some response lags. The correlation (Pearson’s r) between the phase-lags of the two measurements was analysed with a t-test. The phase lags were analysed by a two-way repeated-measures ANOVA and a two-way Bayesian repeated-measures ANOVA.
We also applied detrended fluctuation analysis (DFA) by using the MATLAB code provided by Wenye (2020), which can give insights in long-range correlations in non-stationary time series (Peng et al., 1995). The scaling exponent α was compared across measurements and conditions by repeated-measures ANOVA using JASP.
Only the relevant parts of the statistical results are reported below. See tables of ANOVAs in the supplementary documents for details.
RESULTS
The CoP data were missing for two participants in the 0.05 Hz direction change condition, due to a technical problem. The entire block of data from these two participants was excluded for ANOVAs, but available portions were included in the other analyses.
Subjective rating
The averaged rating of subjective body motion was 18.9 for the baseline, 73.7 for the 0.05 Hz direction change, and 75.9 for the 0.1 Hz direction change. The effect of stimulus condition was significant [F (2, 32) = 51.47, p < 0.001, η2 = 0.763; Supplementary Table S1A)]. The baseline condition yielded a significantly lower rating than the 0.05-Hz and the 0.01-Hz conditions, while the difference between the 0.05 Hz and 0.1 Hz conditions was not significant (Supplementary Table S1B). While conscious vection was not a necessary condition in this study, the data confirmed that our optic flow stimuli were effective in simulating forward and backward movement.
Time course
Figure 2A shows the average time courses of head motion and CoP under each stimulus condition. Responses were modulated by changes in optic flow direction, and head motion and CoP responses were very similar in shape, as the correlation between HM and CoP signals was reasonably high (baseline: r = 0 .849, 95% CI = 0.810–0.889; 0.05 Hz: r = 0.880, CI = 0.833–0.927; 0.1 Hz: r = 0.877, CI = 0.837–0.916; p < 0.001 for all individual participants). Cross-correlation (Figure 2B) was maximum at 0 lag in every condition, showing no temporal delays relative to each other. Smaller local maxima and minima were found in the 0.1 Hz condition, reflecting the repeated stimulus cycles, while local peaks were less clear in the 0.05 Hz condition.
Although the averaged responses look similar to the simulated motion, the responses were actually shifted leftward as compared to the simulated motion, suggesting that the body response was negatively correlated with the simulated motion with long and variable latency, which was consistent with previous results in a standing posture (Fujimoto and Ashida, 2020). Such anti-flow responses were better seen at the beginning of the first cycle of the optic flow stimuli. This point will be discussed in the section on phase lag below.
Power spectra
Figure 3 summarises the results of frequency analyses. In the log-power spectra (Figure 3A), there were prominent local peaks at the frequency of directional changes (0.05 Hz and 0.1 Hz). To confirm this observation, log-power values at these peak frequencies (depicted by the vertical solid lines) were extracted and fed into three-way repeated-measures ANOVA (Supplementary Table S2A). Mauchly’s test of sphericity indicated that the assumption of sphericity was violated (p < 0.05). The Greenhouse-Geisser correction was also applied. First, the three way interaction was not significant [F (1.797, 25.16) = 1.199, p = 0.314]. Second, the two-way interaction between direction-change rate and peak frequency was significant [F (1.355, 18.97) = 40.59, p < 0.001, η2 = 0.333], supporting the stimulus-dependent increase of power. Post-hoc comparisons (Supplementary Table S2B) confirmed that the increase of power was specific to the direction-change rate (0.05 Hz > 0.1 Hz = baseline at the peak frequency of 0.05 Hz and 0.1 Hz > 0.05 Hz = baseline at the peak frequency of 0.1 Hz). Third, and most importantly, no interaction with measurements was significant (measurements × direction-change rate: [F (1.977, 27.68) = 0.197, p = 0.820; measurements × peak frequency: F (1,14) = 0.330, p = 0.575], while the main effect of measurements was significant [F (1,14) = 128.0, p < 0.001, η2 = 0.064], suggesting that measurements did not affect the results except for overall response gain. In addition, the main effect of direction-change rate was significant [F (1.762, 24.68) = 9.499, p = 0.001, η2 = 0.048]; but this was trivial, reflecting smaller power in the baseline condition than the other two conditions (Supplementary Table S2C), which is natural as the visual stimulation was stationary. The main effect of peak frequency was not significant [F (1, 14) = 2.541, p = 0.133].
[image: Figure 3]FIGURE 3 | Results in the frequency domain. (A) Log-power spectra for each condition with 95% confidence intervals. Vertical solid lines depict the frequencies of direction changes, and dashed lines depict their third and fifth harmonics. (B) Correlation of phase lags between head motion and CoP. Fitted linear functions are shown with 95% confidence intervals. (C) Box plot of phase-lag values.
Bayesian ANOVA (Supplementary Table S2D) confirmed that the best model comprised all three main effects and an interaction only between direction-change rate and peak frequency (BFM = 34.00; see Supplementary Table S3A). Extremely strong evidence was found for each main effect (measurement: BFincl = 1.979 × 104; direction-change rate: BFincl = 2.186 × 107; peak frequency: BFincl = 9.689 × 105) and the interaction between direction-change rate and peak frequency (BFincl = 2.481 × 106). Weak evidence against inclusion was found for the interactions with measurements (measurement × direction - change rate: BFincl = 0.408; measurement × peak frequency: BFincl = 0.701; three way: BFincl = 0.358). Consistent with the classic ANOVA results above, it is evident that measurements did not interact with other factors. Additionally, the peaks at the third and fifth harmonic frequencies are noticeable in Figure 3A (depicted by the dashed lines). We did not analyse these peaks formally, but their appearance suggests that the postural sway had somewhat of a rectangular wave form rather than a smooth sinusoidal form, which is plausible given the limited range of body inclination.
In summary, the power spectra results indicated an increase in power at the frequency of the direction-change, but no effects on the measurements other than a slightly smaller overall power relative to head motion. The first point confirmed that the optic flow stimuli successfully induced postural sway. The second point supports the hypothesis that the measured head motion and CoP were largely consistent in temporal dynamics.
Phase lags
As shown in Figure 3B, phase lags were strongly correlated between the two measurements for each direction-change rate [0.05 Hz: r = 0.985, t (13) = 20.78, p < 0.001; 0.1 Hz: r = 0.974, t (15) = 16.51, p < 0.001], providing another piece of evidence supporting the similarity between head motion and CoP. The phase lags were mostly negative between −π/2 and 0, confirming what was noted previously, that the postural responses to simulated head motion were compensatory rather than anticipatory and that the latency was large and variable across participants. Two-way repeated-measures ANOVA (Supplementary Table S3A) revealed no significant effect [direction-change rate: [F (1,14) = 0.669, p = 0.427; measurement: F (1,14) = 0.190, p = 0.669; interaction: F (1,14) = 2.395, p = 0.144], as can be seen in Figure 3C. Although only anecdotally, Bayesian repeated-measures ANOVA (Supplementary Table S3B) supported the conclusion that the null model (including only participant and random slopes) was the most accurate (BFM = 2.242), with no effect of direction-change rate (BFincl = 0.646), measurement (BFincl = 0.383), or interaction (BFincl = 0.365).
Detrended Fluctuation Analysis
Detrended fluctuation analysis (DFA) can give insights into long-range correlations in non-stationary time series (Peng et al., 1995), which has been applied to postural sway (Duarte and Zatsiorsky, 2001). A computed α exponent value would indicate the ‘smoothness’ of the time-series signals between uncorrelated white noise (α = 0.5) and random-walk Brownian noise (α = 1.5). While α < 1 indicated persistent long-range power-law correlations, α > 1 indicated that long-range correlations do exist but cease to be of a power-law form (Peng et al., 1995).
In Figure 4, the a values for each condition are plotted. Repeated-measures ANOVA (Supplementary Table S4A) revealed significant main effects of measurement [F (1,14) = 213.0, p < 0.001, η2 = 0.345] and direction-change rate [F (2,28) = 29.46, p < 0.001, η2 = 0.416], but no significant interaction [F (1,14) = 2.831, p = 0.076, η2 = 0.003]. Post-hoc comparisons (Supplementary Table S4B) showed significant differences between 0.05 Hz and 0.1 Hz (t = 6.930, p < 0.001, d = 1.563) and between 0.05 Hz and baseline (t = 6.323, p < 0.001, d = 1.426), but not between 0.1 Hz and baseline (t = 0.607, p = 0.549). Bayesian repeated-measures ANOVA (Supplementary Table S4C) supported the best model that comprises both main effects and interactions (BFM = 4.401), though a model without interactions was close (BFM = 3.636). The effects of measurement (BFincl = 2.910 × 107) and direction-change rate (BFincl = 1.041 × 105) were extremely strong, but that of interaction was moderate (BFincl = 3.636). Evidence for the interaction is therefore mixed, but the effect, if any, should be small.
[image: Figure 4]FIGURE 4 | The α exponent values for each condition of measurement and direction-change rate.
Head motion was therefore ‘smoother’ than CoP, that is, more like Brownian motion than white noise. This could be because the head position was physically restricted by its previous position, while CoP reflected multiple body segments allowing for more randomness. We should note, however, that the result might also depend on the specific type of testing apparatus.
DISCUSSION
We compared concurrently measured head motion and CoP that were induced by optic flow simulating forward and backward motion of the observer. The head motion and CoP responses were similar except that the signal amplitude was slightly smaller for CoP. Stimulus-dependent peaks were found in the frequency domain for both measurements in a similar way. Long-range correlation properties of signals revealed by a DFA analysis did not show noticeable interactions with other variables, either. We conclude that, at least for the purpose of measuring postural responses to visual motion, there is no crucial difference between head motion and CoP, and thus, head motion can be reliably used as a substitute for CoP.
Head motion is particularly useful when we use a virtual reality HMD, because head position signals can be obtained without extra instruments. Head motion is also advantageous when the participant does not take a standing posture, as head motion can be measured when the individual is sitting (Fujimoto and Ashida, 2020), which is likely when using an HMD at home. Full motion tracking would tell us more in any posture, but its measurement and analysis would be much less convenient.
Our results confirm the usefulness of an inexpensive Wii balance board for measuring CoP (Clark et al., 2011). Although discontinued by the manufacturer, it remains one of the most cost-effective apparatuses for measuring body sway. It is especially convenient when we do not need VR presentation, or when the weight of an HMD is not negligible in the balance of the body (see Imaizumi et al., 2020, on the effect of wearing an HMD; although the effect of weight was not very clear).
The difference in the DFA α could be a caveat for the conclusion. The larger α for head motion suggested faster and more subtle control of balance than is reflected in CoP, and this could depend on conditions. Kobayashi et al. (2005) reported the underestimation of the visual effect in CoP compared to head motion, because vertical motion evoked more displacement of head than trunk. Lubetzky et al. (2022) found a slight reduction in cross-correlation under cognitive load. Anterior-posterior head motion but not CoP increased under the dual-task condition, which was likely due to the tandem positioning of feet that restricted anterior-posterior movement.
Other limitations of our conclusion should be noted. We only examined the anterior-posterior sway induced by forward-backward optic flow. Other conditions such as those involving more intrinsic sway might be different. Also, we only tested relatively slow changes of optic flow (0.05–0.1 Hz) compared to other studies (e.g., 0.125Hz—1 Hz in Chowdhury et al., 2021), because we were particularly interested in vection, which builds up slowly. Differences that we could not capture in our analyses might be important for studies of postural control, especially for clinical applications (see Lubetzky et al., 2022). Tests on different kinds of HMDs and force plates would be necessary. It is, therefore, still an open question as to how head motion and CoP/CoM are related under all conditions. However, our results showing overall similarity can serve as the baseline for further investigations.
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