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Abstract 

Background. Virtual reality (VR) has been used to study locomotor adaptability during balance-

demanding tasks by exploring how humans react and adapt to the virtual environment (VE) and 

discordant sensorimotor stimulations. Previous research primarily focused on treadmill walking and 

little is known regarding the propensity for gait adaptations during overground walking and over time.  

Research Question. To what extent healthy young adults modify and adapt gait during overground 

walking in a VE and with continuous multidirectional perturbations of the visual field while wearing a 

VR headset?  

Methods. Twelve healthy young adults walked for 6 minutes on an instrumented walkway in four 

different conditions: RE, VE, and VE with antero-posterior (AP) and medio-lateral (ML) pseudo-

random oscillations of the visual field. For each condition, stride length (SL), stride width (SW), stride 

time (ST) and their variability (SLV, SWV, and STV) were calculated using one-minute walking 

intervals. A 2-way repeated-measures ANOVA was performed to determine the main and interaction 

effects of the walking conditions and time. 

Results. Participants took shorter SL and showed higher SWV while walking in the VE. 

Perturbations of the visual field resulted in reduced SL, larger SW, and higher stride variability (i.e., 

SLV, SWV, and STV). The response was anisotropic, such that effects were more pronounced during 

the ML compared to AP perturbations. Over time, participants adapted to the VE and the visual 

perturbations by increasing SL and reducing SW, SLV, STV, and ST (only during VE and ML 

conditions). SWV did not adapt over time.  

Significance. The paper provided first evidence for visuomotor adaptations during unperturbed 

overground walking and during visual perturbations while wearing a VR headset. It represents an initial 
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investigation that may help the development of new VR methods for early detection and remediation of 

gait deficits in more ecological conditions.  
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Introduction 

Bipedal walking is a complex motor task that consists of three primary components: locomotion, 

balance, and ability to adapt to the environment [1]. The integration of sensory information from the 

visual, vestibular and somatosensory systems are essential to compensate for instabilities [2]. A 

deterioration in the quality of sensory integration results in gait deficits [3], a common problem among 

the elderly and those with neuromusculoskeletal disorders [1, 4]. Research on locomotor adaptability 

during simulated balance-demanding tasks could lead to effective methods to early identify and 

remediate gait deficits. 

Recent advancements in the technology of virtual reality (VR) has allowed access to unexplored 

paradigms [5, 6]. VR provides a safe environment for analyzing how humans react and adapt to the 

virtual environment (VE) and various types of discordant sensorimotor stimulations [7, 8]. Sensory 

discordances in the form of oscillations of the visual field are of particular interest because they allow to 

study the reliance on visual feedback and the propensity for visuomotor adaptations while challenging 

the ability to maintain balance during walking [2, 9-11]. Locomotor adaptability and sensorimotor 

remapping could reduce the perceived discordance [12, 13]. However, little is known to what extent 

humans can modify their walking pattern over time to accommodate the VE [14, 15] and the visual 

perturbations [16]. In addition, gait modifications and adaptations have been previously studied using 

fixed screens (i.e., VR domes) while walking on a treadmill [2, 9, 16]. 

Treadmill training offers several advantages in a laboratory setting. However, whether treadmill 

walking induces identical motor responses of overground walking is equivocal [17]. Although self-

paced treadmills with VR has been used to minimize the issue of imposed walking speed and lack of 

optic flow, gait does not completely approximate overground walking even after long periods of 

familiarization [14, 18]. As a result, locomotor skills gained during treadmill training may still be 
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difficult to translate in overground walking [17]. Accordingly, some treadmill-based gait training 

paradigms have considered the integration of overground components to reinforce the intervention and 

maximize transfer of the skills to real-world conditions [19].  

New advances in real-time tracking, display, and networking capabilities allowed the development 

of commercially-available head-mounted displays with room-scale tracking (i.e., VR headsets). VR 

headsets are designed to: (i) provide immersive binocular depth cues using stereoscopic displays and 

first-person view that can better elicit visual responses; (ii) allow the user to navigate naturally in 

increasingly larger spaces, thus allowing to move to overground-based interventions; and (iii) offer a 

portable and cheaper alternative to the VR domes. Using VR headsets during overground walking 

enables the study of locomotor adaptations in the VE and to visual perturbations in a more ecological 

setting. Research in this field is relatively new: little is currently known about how walking overground 

with a VR headset resemble gait in the real environment (RE) [20, 21] and how humans react and adapt 

to visual perturbations [22].  

This pilot study aims to investigate modifications and propensity for visuomotor adaptations of 

spatio-temporal gait parameters due to prolonged walking in a VE, and during continuous antero-

posterior (AP) and medio-lateral (ML) oscillations of the visual field. We hypothesized that: (i) 

participants would show small differences in gait characteristics between the real and the virtual 

environments; (ii) exposure to continuous visual perturbations would affect gait and its variability, with 

greater effect of ML perturbations compared to AP ones [9]; and (iii) the prolonged exposure to these 

conditions would lead to locomotor adaptations that would reduce differences in the gait [16]. 

Methods 

Twelve healthy young adults participated in the experiment (8 males, 24.8 ± 3.7 years old, 74.9 ± 

14.3 kg, 1.74 ± 0.09 m). Subjects were informed about the research procedure and signed a written 
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consent form approved by the Institutional Review Board of Columbia University, before participating. 

All participants had normal or corrected-to-normal vision. During the experiment, six participants wore 

glasses. None of the participants had any reported disorder and all were naïve to the experimental 

conditions.  

Participants walked for 6 minutes on a 6m × 0.6m  instrumented walkway (Zeno Walkway, 

Protokinetics) at their comfortable speed in four different conditions. First, they walked in the real 

environment (RE). Then, they wore a VR headset (HTC VIVE), and they walked in the virtual 

environment (VE). A Unity3D program was developed to display a virtual walkway within the VR 

headset. The VE was calibrated so that the virtual walkway was aligned and mapped one-to-one with 

respect to the physical walkway. The visual stimulus was a 3D outdoor space; objects such as trees and 

animals were placed to provide depth reference (Figure 1). Participants experienced a first-person view 

of themselves walking in the virtual walkway without corresponding movements of their self-

representation (i.e., their body was not rendered in the VE). Finally, participants walked in the VE while 

experiencing medio-lateral (ML) or antero-posterior (AP) visual perturbations. The order of the 

presentation of the AP and ML conditions was balanced across participants to account for potential 

learning effects. Perturbations were delivered by superimposing oscillations of the visual field on top of 

the normal visual flow. Oscillations were applied as a pseudo-random sum of sines with four 

frequencies, as proposed in a previous experiment during treadmill walking [9], using the following 

equation: 

D�t	 = A�sin�0.16 ∙ 2πt	 + 0.8sin�0.21 ∙ 2πt	 + 1.4 sin�0.24 ∙ 2πt	 + 0.5 sin�0.49 ∙ 2πt	� (1) 

where D�t	 is the superimposed displacement of objects [m] that participants perceived in the VE 

during perturbations, A is a scaling factor equal to 0.5, and t is time [s].  
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Each condition with the headset was followed by a 3-minute RE walking condition to washout 

possible aftereffects of VR. Participants were aware that they might be perturbed in the AP or ML 

conditions but were unaware of the magnitude, the direction, or the timing of the perturbations. Before 

the intervention started, they were instructed to maintain balance and keep walking. Participants were 

allowed to take breaks at any time between the sessions to minimize the effects of exhaustion or lack of 

concentration. 

Spatiotemporal gait parameters were measured at 120 HZ using the PKMAS gait recording and 

analysis software of the walkway. Stride length (SL), stride width (SW), and stride time (ST) were 

calculated at both left and right heel strikes. SL was defined as the distance between the corresponding 

successive heel points of the same foot, measured parallel to the direction of progression. SW was 

calculated as the perpendicular distance between the line connecting the two ipsilateral foot heel points 

and the contralateral heel point. ST was estimated as the time period between the first consecutive 

contact of the same foot. Data points were excluded in case participants stepped out of the walkway or 

the software was unable to recognize two different steps. For each condition (i.e., RE, VE, ML, and AP), 

outcomes were calculated for 30 random strides over each minute of walking. This was necessary to 

guarantee that the same number of strides was taken for all subjects during each condition and minute of 

walking. Means and standard deviations were calculated to estimate representative strides (SL, SW and 

ST) and overall variability (SLV, SWV and STV), respectively. 

A two-way repeated-measures analysis of variance (rmANOVA) was performed to determine main 

and interaction effects of walking condition (4 levels: RE, VE, ML, AP) and time (6 levels: minutes 1-

6). Interaction effects were followed up by one-way rmANOVAs performed individually on each 

condition (with time as the only factor). If significant, effects were followed up by pairwise comparisons 

with Benjamini-Hochberg correction. For the time factor, planned comparisons were made between the 
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first and the other minutes of walking. The Lilliefors and Mauchly’s tests were performed to check the 

normality and sphericity assumptions of data. The Huynh-Feldt correction was applied if data violated 

the sphericity condition. Statistical significance was set at p<0.05. Statistical analysis was performed 

using SPSS version 25. 

Results 

All participants completed the experiment without difficulties. Figures 2 and 3 show SL, SW, ST 

and their variabilities for each condition and minute of walking. Table 1 reports the results of the 

statistical analysis. Except for ST, all outcomes showed significant main effects of condition. Except for 

SWV, all outcomes exhibited significant main effects of time. SL, ST and STV showed a significant 

condition×time interaction term. The one-way rmANOVAs showed a significant effect of time for: (i) 

SL and STV in all conditions except for RE (p≤.030); and (ii) ST for the VE (p=.003) and ML (p=.043) 

conditions.  

While walking in the VE, participants took significantly shorter strides (VE: 134.5 ± 7.8 mm; RE: 

140.4 ± 7.8 mm, p=.011, Figure 2A) with higher SWV (VE: 2.6 ± 1.0 mm; RE: 2.3 ± 0.8 mm, p=.012, 

Figure 3B) than in the RE. SLV showed a trend to be higher during VE walking, but significance level 

was not reached (VE: 5.7 ± 2.2 mm; RE: 4.6 ± 1.8 mm, p=.052, Figure 3A). SW (VE: 7.5 ± 3.5 mm; 

RE: 7.4 ± 3.1 mm, Figure 2B), ST (VE: 1.11 ± 0.10 s; RE: 1.08 ± 0.06 s, Figure 2C), and STV (VE: 0.04 

± 0.02 mm; RE: 0.03 ± 0.02 s, Figure 3C) were similar between VE and RE (p≥.157). While walking in 

the VE, a significant effect of time was found for SL, ST, and their variability. Over time, participants 

took longer, faster and less variable strides. After adjusting the alpha level for multiple comparisons, 

significant differences were observed between: (i) minute 1 and minutes 5-6 for SLV (p≤.004); (ii) 

minute 1 and minutes 2-6 for ST (p≤.015); and (iii) minute 1 and minutes 3-6 for STV (p≤.007).  
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Independently by the direction of the oscillations, participants took significantly shorter (AP: 126.4 

± 7.8 cm; ML: 112.1 ± 19.8 cm, p≤.003, Figure 2A) and wider (AP: 9.4 ± 3.1 cm; ML: 11.0 ± 3.5 cm, 

p≤.002, Figure 2B) strides with higher SLV (AP: 8.1 ± 5.0 cm; ML: 13.8 ± 8.2 cm, p≤.006, Figure 3A), 

SWV (AP: 3.2 ± 1.8 cm, ML: 6.4 ± 3.2 cm, p≤.012, Figure 3B) and STV (AP: 0.05 ± 0.04 s; ML: 0.11 ± 

0.10 s, p≤.036, Figure 3C) during perturbed (i.e., AP and ML) than unperturbed walking (i.e., RE and 

VE). The only exceptions were for SWV and STV, which were similar between AP and VE conditions 

(p≥.065). SL and STV showed a significant effect of time during both AP and ML (p≤.030, Figures 2A 

and 3C) perturbations. Participants increased SL and reduced STV over time. Pairwise comparisons 

showed differences in SL between minute 1 and minutes 2-6 (p≤.044) during both AP and ML 

perturbations and differences in STV between minute 1 and minute 6 (p≤.043) during AP perturbations. 

ML perturbations caused greater reductions in SL (p=.003, Figure 2A) and increments in SW 

(p=.012, Figure 2B) and stride variability (p≤.006, Figure 3) than AP perturbations. ST showed a 

significant effect of time during ML perturbations (p=.043, Figure 2C). Opposed to all the other 

outcomes that showed a return towards value seen during normal walking, ST decreased over time.  

Independently by the condition, SW (p=.012, Figure 2B) and SLV (p<.001, Figure 3A) showed a 

significant effect of time. Pairwise comparisons clarified that: (i) SW was significantly wider during the 

first minute than the others (p≤.018); and (ii) SLV was significantly higher during the first minute than 

minutes 3-6 (p≤.006). 

Discussion 

This study aimed to analyze gait modifications within a virtual environment while walking 

overground and while walking and reacting to multidirectional perturbations of the visual field. 

Moreover, we wanted to investigate the adaptations of gait over time due to prolonged exposure to these 

conditions. While these effects are known for treadmill walking, to the best of our knowledge, this is the 
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first study that analyzes the effect of visual perturbations and the prevalence of visuomotor adaptation 

during unperturbed overground walking or in response to continuous visual oscillations in a VR headset.  

Previous studies showed contradicting results regarding modifications of spatiotemporal gait 

parameters and their variability as an effect of VR [15, 20, 23-26]. These inconsistencies suggest that 

gait modifications highly depend on the specific set-up (i.e., VR domes or headset), mode of walking 

(i.e., self-paced treadmill, fixed speed treadmill, or overground walking), quality of the image (e.g., 

frame rate update, resolution, field of view, accuracy, etc.), and time given to adapt to the new 

environment. In regards to overground walking with a VR headset, previous studies showed that healthy 

young adults walk in the VE with reduced stride lengths, increased step widths and longer stride times 

[20, 21]. No results have been reported on the modifications of stride variability. Moreover, the authors 

constrained the analysis for the first two laps of walking on the walkway, thus taking into account only 

acute modifications of gait during the first few strides in the VE. Perhaps, it is necessary to give 

participants enough time to familiarize with the VE in order to reduce differences between the real and 

virtual environments. Indeed, we found that, except for SWV, all outcomes showed a significant effect 

of time while walking in the VE. Because of this, initial differences were reduced over time. Despite 

that, participants still took shorter strides with higher stride width variability while walking in the VE. 

Some justifications for the dissimilarities may be the smaller field of view, the misinterpretation of the 

distance due to incorrect depth cues provided to the human eye and the lack of visual information about 

self-motion when looking through the VR headset [20].  

As expected, the exposure to continuous pseudorandom oscillations of the visual field caused 

significant disruption of the gait pattern. Perturbations were associated with reduced stride length and 

increased stride width and stride variability. Results were generally in accordance with previous 

experiments while walking on a treadmill at fixed speed [9] and support the validity of these setups in 
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studying perturbed gait. The only differences were that we did not find any effect of ML and AP 

perturbations on ST and SWV, respectively. Additionally, our results highlighted a significant effect of 

time for ST during ML perturbations. We cannot exclude that the observed reduction in ST would have 

made significant the condition factor by exposing participants for a longer time to the perturbations. 

Despite the trend of SWV to be higher during AP perturbations than VE walking, we found significant 

differences only with respect to the RE. Our results suggest that increments in SWV are due to the VE 

[23] and AP perturbations have low effect in modifying SWV [27].  

The response was anisotropic, such that participants took shorter, wider and more variable strides 

during the ML than the AP perturbations. The AP perturbations visually superimposed a velocity to the 

forward walking velocity whereas ML perturbations superimposed a sideway velocity in a direction 

orthogonal to walking. Thus, AP perturbation could be less perceivable than ML perturbation [9]. Also, 

walking balance in ML direction is considered inherently more demanding than in AP direction [28]. 

Walking is passively unstable in the ML direction, which requires step-by-step, integrative control, 

whereas in the AP direction, balance is passively stabilized through a series of controlled falls [2]. 

Results showed that participants modified SL, SW, ST and their variability (except SWV) over 

time. Multisensory reweighting might explain the adaptation in visual perturbation [16]. In the 

beginning, the discrepancy between the visual and other sensory feedback could cause subjects to walk 

in a disoriented way. Over time, participants may have down-weighted the contribution of the vision and 

relied more on vestibular and other sensory feedback for balancing. Previous authors found increments 

of step width variability, and inability to modify step width or step length variability over time while 

reacting to sinusoidal ML perturbations during treadmill walking at fixed speed [16]. We found 

significant modifications of SLV, small modifications of stride width while considering all conditions 

together (but not while considering ML perturbations alone) and no effect of time on SWV. 
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Discrepancies may be due to the type of perturbation used or by the fact that visuomotor adaption 

follows a different mechanism for treadmill compared to overground walking. Sinusoidal perturbations 

may result in individuals predicting the perturbations and entraining to it [10], and treadmill walking is 

already characterized by gait modifications with respect to overground walking [14].  

The present pilot study represents an initial investigation on a topic of possible interest for the 

scientific and clinical community and may have positive implications for early detection and 

remediation of gait disorders. Sensory acuity often deteriorates with aging. Previous experiments 

showed that visual perturbations affect gait in older adults more than healthy young subjects [29, 30] 

thus highlighting their increased reliance on visual feedback to maintain balance. Moreover, magnitudes 

of aftereffects in the real environment are correlated with the rate of adaptation during the periods of 

sensorimotor discordance [7]. Similar to what was already done for improving the reaction to slipping 

perturbations using a treadmill visual-perturbation training [11], an over-ground training paradigm with 

continuous visual perturbations could be proposed to train subjects to refine the relative weighting of 

different sensory feedbacks, through the exposure to visual perturbation in a more ecological condition. 

The study has several limitations. The VR system was only able to track a limited area, which 

restricted the longest distance a subject could walk continuously in the hallway. The width of the Zeno 

Walkway was relatively narrow such that we were not able to apply perturbations of greater magnitudes 

to avoid participants walking out of the mat. The experiment was performed by a small sample of 

healthy young adults, and the results are not generalizable for other population groups. However, the 

analysis of the behavior of healthy young adults is the first and necessary step to identify an approach to 

base further studies on other population groups targeted for screening and training. This approach can 

potentially be used to improve gait and reduce the number of falls in persons with balance impairments. 

Further studies involving larger samples of older adults or patients with balance disorders are necessary 
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to test the usability of this approach for diagnostic and training purposes. Future studies will also 

analyze how the exposure to continuous visual perturbations can create aftereffects during RE walking 

and to what extent displaying self-representation of motion affects the obtained outcomes. 
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Tables 

Table 1 

p-values of the results of the statistical tests. Outcome Variables: Step Length (SL); Stride Width (SW); 

Stride Time (ST) and their variabilities (V). Conditions (C): Real Environment (RE); Virtual 

Environment (VE); Medio-Lateral perturbations (ML); Antero-Posterior perturbations (AP). When the 

p-value is statistically significant, it is highlighted in bold. 

 
Statistical Tests 

Outcome Variables 
SL SLV SW SWV ST STV 

 2-way 
rmANOVA 

(Condition×Time)  

C <.001 <.001 <.001 <.001 .167 .001 
T <.001 <.001 .012 .195 .016 <.001 

C×T <.001   .164  .196 .468 .015 .010 
1-way 

rmANOVA 
(Time) 

RE .191 .357 .184 .237 .610 .245 
VE .015 .004 .142 .538 .003 .002 
ML .002 .031 .120 .273 .043 .014 
AP .007 .100 .006 .406 .495 .030 

Pairwise 
Comparisons 
Condition (C) 

 

RE – VE .011 .052 .569 .012 .165 .157 
RE – ML .000 .001 .001 .000 .251 .002 
RE – AP .001 .002 .001 .012 .992 .036 
VE – ML .001 .001 .001 .000 .105 .003 
VE – AP .003 .006 .002 .065 .303 .086 
ML – AP .003 .002 .012 .003 .046 .006 
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Figure captions 

Figure 1. Experimental Setup 

Schematic of the system (top). Picture of a subject walking with the headset (bottom left). View of the 

virtual environment (bottom right). For rendering, system control, and logging, we used an Intel 

computer with 3.4GHz Core i7 processor, 16GB of main memory, and NVIDIA GeForce GTX 1060 

graphics card. The participants wore VIVE headset for the stimulus presentation, which provides a 

resolution of 2160 × 1200 pixel per eye with a refresh rate of 90 Hz and a 110˚ diagonal field of view. 

Two cameras were used to detect the position and orientation of the headset at an update rate of 120Hz 

with sub-millimeter precision and accuracy for position data. In order to keep the headset cables from 

getting tangled with the participant and provide comfort to the head from the weight of the cables, the 

headset computer was placed on a cart and an experimenter followed the participant while walking. In 

the VE, the virtual ground was aligned with the global x-z plane, and the global y-axis pointed upward. 

On the ground was a virtual walkway, with its walking direction aligned with the global z-axis. 
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Figure 2. Results: Mean Gait Parameters.  

Panel A. Stride length (SL). Panel B. Stride Width (SW). Panel C: Stride Time (ST). Left and right 

graphs represent the effect of condition and time, respectively. On the left graphs each point represents 

the mean value among the six minutes of walking for the real environment (RE), virtual environment 

(VE), Medio-Lateral perturbations (ML) and Antero-Posterior perturbations (AP). On the right graphs, 

each line represents a different condition at each minute of recording (minute 1 to minute 6) during 

overground walking for RE (blue lines), VE (green lines), ML (red lines), and AP (purple lines). Error 

bars refer to standard deviations. ^, + and × symbols indicate a significant condition, time and 

interaction effects of the two-way rmANOVA. # symbols inside markers at minute 1, indicate a 

significant effect of time of the one-way rmANOVA. * symbols indicate a significant difference 

between conditions as result of the pairwise comparisons (*p<.050, **p<.010, ***p<.010). Values are 

reported as mean ± one standard deviation. 
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Figure 3. Results: Gait Variability.  

Panel A. Stride length variability (SLV). Panel B. Stride Width Variability (SWV). Panel C: Stride Time 

Variability (STV). Left and right graphs represent the effect of condition and time, respectively. On the 

left graphs each point represents the mean value among the six minutes of walking for the real 

environment (RE), virtual environment (VE), Medio-Lateral perturbations (ML) and Antero-Posterior 

perturbations (AP). On the right graphs, each line represents a different condition at each minute of 

recording (minute 1 to minute 6) during overground walking for RE (blue lines), VE (green lines), ML 

(red lines), and AP (purple lines). Error bars refer to standard deviations. ^, + and × symbols indicate a 

significant condition, time and interaction effects of the two-way rmANOVA. # symbols inside markers 

at minute 1, indicate a significant effect of time of the one-way rmANOVA. * symbols indicate a 

significant difference between conditions as result of the pairwise comparisons (*p<.050, **p<.010, 

*** p<.010). Values are reported as mean ± one standard deviation. 
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