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Objectives: To investigate how people post-stroke
and healthy people experience the addition of semi-
immersive virtual reality (VR) and optic flow speed
manipulation while walking on a treadmill, and
if optic flow speed manipulation could be used in
rehabilitation to elicit changes in post-stroke gait
biomechanics.

Methods: Sixteen people post-stroke and 16 healthy
controls walked on a self-paced treadmill. After 2
habituation trials (without and with VR), participants
walked 3 more trials under the following conditions
of optic flow: matched, slow, and fast. Primary
outcome measures were spatiotemporal gait para-
meters and lower limb kinematics. Secondary
outcomes (simulator sickness and enjoyment) were
assessed with the Simulator Sickness Questionnaire
(SSQ) and visual analogue scales (VAS).

Results: VR did not influence the gait biomechanics,
and optic flow manipulation had a limited effect.
Both groups significantly increased their walking
speed with the slow optic flow and decreased their
speed with the fast optic flow. For the other gait
parameters, only small changes were found. Only
people post-stroke had a significant increase on the
SSQ and the enjoyment-VAS.

Conclusion: Adding semi-immersive VR did not
influence the gait pattern, was well tolerated, and
enjoyable. Both groups altered their gait parameters
when the optic flow speed was adjusted during the
protocol. Incorporating such manipulations into tre-
admill training is feasible, but further research about
the type of manipulation and level of immersion is
needed.
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stroke.
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ost-stroke gait rehabilitation remains a major chal-
lenge. Two-thirds of all stroke survivors experience

(LAY ABSTRACT )
This study investigated the effect of virtual reality and
manipulation of the speed of the virtual environment
while walking on a treadmill, both in people post-stroke
and healthy people. Sixteen people post-stroke and 16
healthy controls walked on a self-paced treadmill. After 2
habituation trials (without and with virtual reality), par-
ticipants walked 3 more trials under the following con-
ditions of optic flow: (/) walking with a matching virtual
environment, (ii) walking with a slower virtual environ-
ment, and (iii) walking with a faster virtual environment.
The addition of virtual reality did not influence the gait
pattern of people post-stroke or healthy people. When
the speed of the virtual environment was manipulated,
people post-stroke altered their gait pattern by chang-
ing their walking speed. People increased their walking
speed with a slower virtual environment, and decreased
their speed with a faster virtual environment. Incorpo-
rating such manipulations for treadmill training could be

(easible, but further research is needed. )

walking impairments, resulting in decreased activities
of daily living, level of participation, and quality of life
(1, 2). To improve these impairments, patients need a
high-intensity, repetitive, and task-specific rehabilita-
tion, such as treadmill training (3). However, an im-
portant downside of treadmill walking is the incorrect
visual information subjects receive while walking (4).

An important source of visual information to guide
locomotion is optic flow (OF), a pattern of visual
motion projected onto the retina of the eye (5). Optic
flow provides us with information about the direc-
tion and speed of self-motion (5, 6). However, during
treadmill walking, the visual information about the
direction and speed of walking is inconsistent with
the proprioceptive input of the lower limbs. Subjects
are walking on the treadmill, but their environment
remains static.

With the use of virtual reality (VR), this mismatch
can be resolved by letting patients walk in a virtual
environment, and VR can provide safe and controlled
environments in which patients can be challenged by
conflicting sensorimotor stimulations (7). By manipu-
lating the OF speed, through increasing or decreasing
the OF speed with respect to the subject’s walking
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speed, each time there will be a mismatch between
the OF and the proprioceptive information. As a result,
people will adjust their gait pattern to reduce this
discrepancy (8). Investigating the effect of manipula-
tion of OF speed during gait helps us understand how
people respond to these manipulations and how this
may be useful for rehabilitation purposes.

OF speed and its influence on locomotion have been
examined in the healthy population (9—13) and several
clinical populations, such as older adults (14—16) and
neurological patients (8, 17—19). Most of these studies
investigated the effect of OF speed on walking speed
and, in a few cases, also on other spatiotemporal gait
parameters, such as cadence or step length. Based
on their findings, it is suggested that OF can exert an
influence on locomotion, mainly on walking speed,
although there are conflicting results between popu-
lations. In general, it seems that healthy people will
increase their walking speed with a slower OF and
decrease their speed with a faster OF. This strategy
may be altered in neurological patients, due to damage
in specific brain areas (5). It is assumed that people
post-stroke still have the ability to use OF informa-
tion during walking, but alterations are possible and
responses can be heterogeneous, depending on the
location of the brain lesion (5). With the use of VR, the
selective manipulation of OF speed could be used to
induce desired locomotor changes, such as an increase
in walking speed, and therefore has the potential to
advance the field of post-stroke gait rehabilitation.
However, studies about the effect of OF speed on post-
stroke locomotion are still scarce, and, in general, they
include limited gait-related outcomes (8, 19). Given
the potential of OF speed manipulation to enhance gait
training, further exploration is necessary to determine
its usefulness for rehabilitation purposes.

Two key concepts of VR are immersion and sense of
presence (20). Based on their level of immersion, VR
devices and systems can be classified into 2 categories:
(i) non-immersive, or semi-immersive, VR systems,
that let the user perceive both the virtual environment,
and a part of the real world (e.g. TV screens, projection
screens); and (i7) fully immersive VR systems, that
fully integrate the user into the virtual environment by
blocking out perception of the real world (e.g. head-
mounted display; HMD) (21). It is known that the level
of immersion has an impact on users’ VR experience
and affects their sense of presence (i.e. the feeling of
being physically present in the virtual world) (22).
Exposure to more immersive virtual environments will
elicit stronger feelings of being physically present in
the virtual world (23). This study is part of a larger trial
that investigates the effect of OF speed on gait biome-
chanics, simulator sickness and level of enjoyment,
both in a semi-immersive and fully immersive virtual
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environment. This paper reports only the results of
manipulating the OF speed in a semi-immersive virtual
environment. A second paper discusses the results of
manipulating the OF speed in a fully immersive virtual
environment, and compares the results of walking with
different OF speeds in order to investigate the effect
of the level of immersion (semi-immersive vs fully
immersive) on gait biomechanics (24).

The aim of the current study is to investigate in
people post-stroke and healthy people: (i) the effect
on gait biomechanics, motion sickness, and enjoyment
of adding semi-immersive VR while walking on a
treadmill; and (i) the effect on gait biomechanics of
manipulation of OF speed. The study hypotheses are
that: (i) adding semi-immersive VR will alter the gait
biomechanics in both groups; and (i7) both healthy
people and people post-stroke will alter their gait pat-
tern in response to the manipulation OF speed.

METHODS
Study design

This study is part of a larger trial investigating the
effect of OF speed and the level of immersion on
gait biomechanics, simulator sickness, and level of
enjoyment. An experimental, 2-group, single-centre
trial was conducted in which people post-stroke and
healthy controls performed 2 VR-enhanced treadmill
walking sessions. Both sessions were identical and
carried out on 2 separate days within 10 days. Only the
VR system used to manipulate the OF speed differed:
the semi-immersive Gait Real-time Interactive Lab
(GRAIL; MOTEK Medical Bv. Houten, The Nether-
lands) system and the fully immersive HMD, Occulus
(MetaQuest, USA). This paper discusses the results of
the GRAIL session and focuses on the effect of adding
semi-immersive VR and manipulation of the OF speed.
The study took place at the Smart Space laboratory
of the University Hospital in Ghent, Ghent, Belgium.
The study was approved by the ethics committee of
the University of Brussels and the University Hospital
of Ghent (B1432020000120) and pre-registered at
ClinicalTrials.gov (NCT04521829).

Participants

Included were chronic, ambulatory stroke patients, and
age- and sex-matched healthy adults. The following
inclusion criteria were used for the stroke population:
(7) diagnosed with stroke, (i) stroke onset >3 months,
(iii) adult (=18 years), (iv) ambulatory with an impaired
gait pattern (Functional Ambulation Categories (FAC)-
score 2, 3 or 4), (v) ability to walk on a treadmill 4 times
for 8 min without bodyweight support, with use of the
hand rail being allowed, (vi) ability to signal pain, fear,
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and discomfort, and (vii) ability to provide informed
consent. People post-stroke were excluded if they had:
(7) other neurological deficits leading to impaired gait
(e.g. Parkinson’s disease, multiple sclerosis), (if) co-
morbidities (e.g. severe osteoporosis, cardiovascular
instability), (7if) visual and/or vestibular disorders that
can interfere with VR (e.g. partial blindness, Meniere’s
disease), (iv) severe spasticity of the lower limbs (Mo-
dified Ashworth Scale >2), (v) acute medical illness,
(vi) inability to understand and carry out instructions,
and (vii) severe unilateral spatial neglect.

For the healthy participants, the following inclusion
criteria were used: (i) normal or corrected-to-normal
vision, and (if) no locomotion impairments. Partici-
pants were excluded if they (7) have had significant
lower extremity injuries during the last 2 years that
might affect their gait, and (i7) had any type of vesti-
bular/visual deficiency. All participants had to provide
written informed consent to be included in the study.

Based on a sample size calculation (G*Power
3.1.9.4) (F-tests, repeated measures analysis of
variance (ANOVA), within-between subjects) with
Cohen’s f of 0.25 (moderate effect size), type 1 error
probability of 0.05, power of 0.80 for 2 groups and
4 conditions, a minimum of 24 participants, divided
equally in 2 groups, had to be recruited.

Apparatus

Participants walked on the GRAIL system, an integra-
tive motion capture system consisting of 10 optical
motion cameras (Vicon Inc.,Vicon Motion Systems,
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Yarnton, UK), a dual-belt treadmill with integrated
force sensors, a 180° cylindrical projection screen,
and D-Flow software (MOTEK Medical Bv) (Fig. 1).
The treadmill was self-paced, meaning that participants
had control over the speed of the treadmill and could
change speed at will. For safety, participants wore a
safety harness and the maximum walking speed was
set at 2 m/s. The virtual environment, provided by
MOTEK Medical By, represented an Italian city street
from which the game elements had been removed so
that participants only had to walk forward.

Experimental procedure

Both groups underwent 5 walking trials. The first trial
consisted of 8 min walking without VR to familiarize
with self-paced walking (25). During the second trial
(habituation trial), the VR was added and participants
walked for 5 min to get used to the projection screen.
Thereafter, participants underwent 3 more walking
trials, of 8 min each, during which the OF speed was
being manipulated: 2 times slower than, equal to, and
2 times faster than their comfortable walking speed
(i.e. the mean walking speed during the habituation
trial). The manipulation of OF speed occurred after 1
min and lasted for the remaining 7 min. The OF speed
manipulation (matched, slow, fast) was randomized
using block randomization in Microsoft Excel®
(Microsoft corporation, Redmond, Washington, USA).
Participants were not informed about this manipula-
tion. Between walking trials, participants had 5 min
to rest and to complete the questionnaires.

Fig. 1. The Gait Real-time Interactive Lab (GRAIL) system.
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Outcomes and pre-processing

The primary outcome measure was gait biomechanics,
which included lower limb kinematics and spatiotempo-
ral gait parameters (i.e. walking speed, cadence, stride
time, step length, swing, stance time, and step width).

Kinematic data were recorded using a 10-camera
VICON Vero 1.3 system at 100 Hz and the full-body
Plug-in-Gait model provided by Vicon Motion Systems.
For current analyses, only lower limb marker data were
used. Sagittal kinematic marker data of the hip, knee,
and ankle were processed using Vicon Nexus software
(Vicon Motion Systems). Gait cycle segmentation of
kinematic data and calculation of the spatiotemporal
parameters (i.e. cadence, stride time, step length, swing,
stance time, and step width) were performed in Python
3.7. (Anaconda Inc., Austin, TX, USA) with custom-
made scripts. Walking speed was measured continuously
and was derived directly from the treadmill system.

The secondary outcome measures were simulator
sickness and level of enjoyment. Simulator sickness
was assessed with the Simulator Sickness Questionn-
aire (SSQ) (26). Before and after each walking trial,
participants had to indicate on a 4-point Likert scale
how much 16 symptoms were affecting them at that
moment. The total score (0—179.52) is the sum of the 16
items multiplied by 3.74, with higher scores indicating
higher levels of simulator sickness. Level of enjoyment
was assessed with 2 visual analogue scales (VAS).
After walking without and with the VR, participants
were asked to answer following questions: “VASI1
— Indicate on the line below how much you enjoyed
walking on the treadmill under these conditions”,
and “VAS2 — Indicate on the line below whether you
would like to do this type of gait training during your
rehabilitation” (stroke group only).

Statistical analysis

IBM SPSS Statistics version 28, custom-made scripts in
Python 3.7. and Matlab (R2022s) (Mathworks, Natick,
USA) were used for statistical analysis. Level of sig-
nificance was set at 0=0.05. Baseline characteristics
between groups were compared using an independent
sample #-test and Mann—Whitney U test for respecti-
vely normally and not-normally distributed continuous
variables and a ¥? test for categorical variables. A
paired z-test (normally distributed data) or Wilcoxon
signed-rank test (not-normally distributed data) and
independent samples 7-test (normally distributed data)
or Mann—Whitney U test (not-normally distributed
data) were used, respectively, to examine the within-
and between-group differences for the questionnaires.

To investigate the effect of VR on gait biomechanics,
the mean during the last 30 s of the trial without VR
was compared with those obtained during the last 30 s
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of the habituation trial. For spatiotemporal data, linear
mixed-effect models (LMM) were used. LMM were
conducted with condition (no VR, with VR) and group
(post-stroke, healthy) as fixed factors, accounting for
the within-subject correlations. Models were built
using the Akaike’s Information Criteria (AIC) in SPSS
(IBM, Armonk, New York, USA). The within-subject
covariance was unstructured. For kinematic data, sta-
tistical parametric mapping (SPM) was used. A SPM
2-way ANOVA was performed to examine the effect
of condition (no VR, with VR) and group (post-stroke,
healthy): the F-statistic (SPM(F)) was calculated at
each point of the time-series. Where SPM(F) crossed
a threshold equivalent to a=0.05, post-hoc analyses
were performed using SPM paired #-tests. For post-
hoc comparisons, the SPM(t) statistic was calculated
for each comparison. The critical threshold was set
equivalent to 0=0.0253 to account for multiple com-
parisons. The t-statistic (SPM(t) was calculated at each
point of the time-series and where SPM(t) crossed the
threshold, significant differences were found.

To investigate the effect of OF speed on the gait
biomechanics, 4 time-points were compared: the mean
during the 30 s before the manipulation, compared with
those obtained during the 30 s immediately after the
manipulation, the middle 30 s, and the last 30 s of the
8-min trial. LMM were conducted for spatiotemporal
parameters, with OF condition (matched, fast, slow),
time (pre-manipulation, post-manipulation, middle,
and end of the trial), and group (post-stroke, healthy)
as fixed factors, accounting for the within-subject cor-
relations. Models were built using the AIC, in SPSS.
The within-subject covariance was unstructured. For
kinematic data, a SPM 2-way repeated measures
ANOVA was performed to examine the effect of
time (pre-manipulation, post-manipulation, middle,
and end of the trial) and group (post-stroke, healthy)
in each OF condition: the SPM(F) was calculated at
each point of the time-series. Where SPM(F) crossed
a threshold equivalent to a=0.05, post-hoc analyses
were performed using SPM paired #-tests. For post-
hoc comparisons, the SPM(t) statistic was calculated
for each comparison. The critical threshold was set
equivalent to =0.017 to account for multiple com-
parisons. Significant differences were recorded where
the SPM(t) crossed this threshold.

RESULTS
Subjects’ characteristics

Sixteen people post-stroke and 16 age- and sex-match-
ed healthy controls participated in this study. There
was no significant difference in baseline characteristics
observed between groups (Table I).
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Table I. Subjects’ demographic and clinical characteristics

Stroke Healthy p-

Characteristics (n=16) (n=16) value
Age, years, mean+SD 53.88+11.43 53.75+11.61 0.976
Sex, n (%) 1.000
Male 10 (62.5) 10 (62.5)

Female 6 (37.5) 6 (37.5)

Height, cm, mean+SD 172.00+8.52 173.50+6.82 0.587
Weight, kg 74.18+14.35 73.41+11.13 0.867

SSQ: pre score (/179.52), mean+SD 2.34+4.71 0.94+1.67 0.785
Time since stroke, months, n (%) 44.24 (49.20) - -
Paretic side, n (%) -

Left 9 (56.25) -
Right 7 (43.75) -
FAC score (/5, %), n (%) 4 (100) - -
Fugl-Meyer LL (/34), n (%) 22.69 (6.87) - -
Use of an AFO, n (%) 4 (25) - -

SD: standard deviation; SSQ: Simulator Sickness Questionnaire. BDI: Beck
Depression Inventory. FAC: Functional Ambulation Categories. LL: lower limb,
AFO: ankle-foot orthosis; Pre score: score measured before walking with VR.

Effect of semi-immersive virtual reality on spatio-
temporal gait parameters and lower limb kinematics

Spatiotemporal gait parameters. For statistical analysis
of spatiotemporal parameters, a series of LMM were
conducted (Table SI). The resulting LMM focusing on
the effect of condition (no VR, with VR) and group
(post-stroke, healthy) suggested that no significant
interaction effect between condition and group, nor a
main effect of condition was found for all spatiotem-
poral parameters (Table II).

Lower limb kinematics. SPM 2-way ANOVA analy-
ses were performed on 15 subjects in each group, due
to missing data of 1 person in the stroke group (missing
data was due to 1 or more Vicon markers that fell off
while the subject was walking). To maintain equal
group sizes, the healthy matched participant was also
removed from the analysis. The SPM 2-way ANOVA

Effects of semi-immersive virtual reality and optic flow p. 50f 9
also revealed no significant interaction effect, nor a
main effect of condition (Figs S1 and S2).

Effect of semi-immersive virtual reality on simulator
sickness and enjoyment

Simulator sickness. A significant increase in the SSQ
score was observed only in the stroke group after
walking with VR (2.34 (4.71) points to 8.88 (6.81)
points (mean difference (MD) 6.55 (6.90) points,
p=0.005). The healthy group had a non-significant
increase from 0.94 (1.67) points to 3.27 (5.93) points
(MD 2.34 (5.44) points, p=0.084). The difference
between groups was not significant (p=0.076).

Enjoyment. The stroke group enjoyed walking on the
treadmill more with the VR compared with without,
as indicated by a significant increase in VASI1, from
5.38(2.19)t07.26 (1.87) (MD 1.88 (1.81), p=0.002).
The healthy group had a non-significant increase from
5.96 (2.56) t0 6.79(2.08) (MD 0.83 (2.02), p=0.179).
The difference between groups was not significant
(»=0.186). The stroke group was positive about the
implementation of VR in their gait training, as indica-
ted by a significant increase in VAS2, from 7.03 (2.77)
to 8.35 (1.57) (MD 1.32 (2.07), p=0.041).

Effect of optic flow speed manipulation on the spatio-
temporal gait parameters and lower limb kinematics

Spatiotemporal gait parameters. For the statistical
analysis of spatiotemporal parameters, a series of
LMM were conducted. The resulting LMM focusing
on OF condition (matched, fast, slow), time (pre-
manipulation, post-manipulation, middle, and end of
the trial), and group (post-stroke, healthy) suggested

Table II. Effect of semi-immersive virtual reality (VR) on the spatiotemporal gait parameters

No VR With VR No VR vs
Mean [95% CI] Mean [95% CI] MD [95% CI] VR p-value
Walking speed (m/s) Stroke 0.88 [0.70;1.06] 0.90 [0.74;1.05] 0.02 [-0.06;0.09] 0.628
Healthy 1.40[1.22;1.57] 1.40 [1.24;1.56] 0.00 [-0.07;0.08] 0.946
Cadence (strides/min) Stroke 47.38 [43.26;51.49] 47.48 [43.72;51.23] 0.10 [-1.25;1.44] 0.882
Healthy 56.91 [52.80;61.03] 56.76 [53.00;60.51] -0.15[-1.50;1.19] 0.816
Stride time (s) Stroke 1.33[1.22;1.45] 1.32[1.21;1.42] -0.01 [-0.05;0.02] 0.329
Healthy 1.06 [0.95;1.18] 1.07 [0.96;1.17] 0.00 [-0.03;0.03] 0.851
Step length affected (cm) Stroke 50.71 [45.31;56.11] 52.60 [47.95;57.24] 1.89 [-0.69;4.46] 0.145
Healthy 66.82 [61.43;72.22] 67.31 [62.66;71.96] 0.49 [-2.08;3.06] 0.701
Step length unaffected (cm) Stroke 47.57 [41.67;53.46] 49.00 [43.54;54.46] 1.43[-1.30;4.17] 0.294
Healthy 66.82 [60.93;72.72] 67.31 [61.85;72.77] 0.49 [-2.25;3.23] 0.718
Stance time affected (%GC) Stroke 67.81 [66.31;69.30] 67.48 [66.24;68.72] -0.33[-0.95;0.30] 0.296
Healthy 65.04 [63.54;66.53] 65.37 [64.13;66.61] 0.33 [-0.29;0.96] 0.288
Stance time unaffected (%GC) Stroke 70.42 [68.85;72.00] 70.22 [68.86;71.59] -0.20 [-0.75;0.35] 0.467
Healthy 65.04 [63.46;66.61] 65.37 [64.00;66.73] 0.33 [-0.22;0.88] 0.228
Swing time affected (%GC) Stroke 32.20 [30.70,33.69] 32.52 [31.28;33.77] 0.33 [-0.30;0.95] 0.296
Healthy 34.97 [33.47,36.46] 34.63 [33.39;35.88] -0.33[-0.96;0.29] 0.288
Swing time unaffected (%GC) Stroke 29.58 [28.01;31.15] 29.78 [28.41;31.14] 0.20 [-0.35;0.75] 0.467
Healthy 34.97 [33.39;36.54] 34.63 [33.27,36.00] -0.33[-0.88;0.22] 0.228
Step width affected (cm) Stroke 17.99 [15.82;20.17] 17.42 [15.45;19.39] -0.58 [-1.24,;0.09] 0.088
Healthy 14,12 [11.95;16.29] 14.36 [12.39;16.33] 0.24 [-0.42;0.91] 0.464
Step width unaffected (cm) Stroke 17.78 [15.64;19.93] 17.28 [15.31;19.25] -0.51[-1.19;0.18] 0.144
Healthy 14.12 [11.98;16.26] 14.36 [12.39;16.33] 0.24 [-0.45;0.93] 0.478

MD: mean difference; 95% CI: 95% confidence interval; VR: virtual reality, %GC: percentage of gait cycle.
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interactions between condition and time with a main
effect of group for all the spatiotemporal parameters.
For none of the spatiotemporal parameters, a 3-way
interaction between OF condition, time, and group was
suggested (Table SII).

Table III shows the MD between OF condition and
time for all spatiotemporal gait parameters. Significant
interaction effects of condition and time revealed
that, in both groups, only the slow OF speed led to an
immediate change in walking speed. Immediately after
the manipulation, participants significantly increased
their walking speed and this increase in walking speed
was also maintained over time. In the fast OF condi-
tion, immediately after the manipulation, participants
decreased their walking speed, but this change in
walking speed was not significant. When there was no
manipulation and participants walked with a matched
OF, participants significantly increased their walking
speed towards the end of the trial.

Effects of semi-immersive virtual reality and optic flow

p. 6 of 9

In the slow OF condition, the immediate increase
in walking speed was accompanied by a significantly
faster cadence, a shorter stride time, an increase in the
affected and unaffected step length, a shorter stance
time, and a longer swing time in both the affected and
unaffected leg. The significant changes in cadence and
affected step length were maintained over time. In the
fast OF condition, only a significantly slower cadence
was found immediately after the manipulation. The
increase in walking speed at the end of the matched
OF condition was accompanied by an increased step
length of both the affected and unaffected leg.

Lower limb kinematics. The SPM 2-way repeated
measures ANOVA was performed on 11 subjects in
each group due to missing data (4 stroke patients,
1 healthy participant, missing data was due to 1 or
more Vicon markers that fell off while the subject was
walking). To maintain equal group sizes, the matched
participants were removed from the analyses. The

Table III. Effect of optic flow (OF) speed on the spatiotemporal gait parameters

Walking speed (m/s) Cadence (stride/min)

Stride time (s)

Step length (cm)

MD [95% CI] p-value MD [95% CI] p-value
MD MD MD
Condition  Time-point [95% CI] p-value [95% CI] p-value [95% CI] p-value Affected leg Unaffected leg
Matched OF Pre Post 0.01 1.000 0.07 1.000 0.00 1.000 0.13 1.000 0.07 1.000
[-0.02;0.03] [-0.39;0.52] [-0.01;0.02] [-0.75;1.02] [-0.82;0.96]
Mid 0.03 0.389 0.31 1.000 -0.01 1.000 0.87 0.498 1.02 0.413
[-0.01;0.06] [-0.53;1.14] [-0.03;0.01] [-0.50;2.23] [-0.50;2.54]
End 0.05 0.008* 0.70 0.117 -0.02 0.124 1.70 0.014* 1.95 0.050*
[0.01;0.10] [-0.10;1.49] -0.04;0.00] [0.26;3.14] [0.00;3.90]
Fast OF Pre Post -0.03 0.054 -0.70 0.012* 0.02 0.065 -0.56 1.000 -0.56 1.000
[-0.06;0.00] [-1.29;-0.12] [0.00;0.04] [-1.94;0.82] [-2.03;0.91]
Mid 0.00 1.000 -0.47 1.000 0.01 1.000 0.78 1.000 0.17 1.000
[-0.05;0.04] [-1.41;0.48] [-0.02;0.05] [-1.24;2.81] [-1.79;2.13]
End 0.00 1.000 -0.55 0.690 0.02 1.000 1.46 0.353 0.57 1.000
[-0.05;0.05] [-1.52;0.41] [-0.02;0.05] [-0.64;3.55] [-2.07;3.22]
Slow OF Pre Post 0.05 <0.001* 0.94 <0.001* -0.03 0.007* 1.78 <0.001* 1.62 0.010*
[0.03;0.07] [0.43;1.45] [-0.05;-0.01] [0.97;2.58] [0.29;2.95]
Mid 0.06 0.011* 1.00 0.046* -0.03 0.381 2.10 0.026* 2.22 0.362
[0.01;0.11] [0.01;2.00] [-0.07;0.01] [0.17;4.02] [-0.98;5.42]
End 0.06 0.001* 1.14 0.024* -0.03 0.093 1.81 0.007* 2.04 0.269
[0.02;0.10] [0.11;2.18] [-0.07;0.00] [0.37;3.24] [-0.71;4.79]
Stance time (% gait cycle) Swing time (% gait cycle) Step width (cm)
MD p- MD p- MD - MD p- MD p- MD p-
Time- [95% CI] value [95% CI] value [95% CI] value [95% CI] value [95% CI] value [95% CI] value
Condition point Affected leg Unaffected leg Affected leg Unaffected leg Affected leg Unaffected leg
Matched Pre Post 0.07 1.000 -0.02 1.000 -0.07 1.000 0.02 1.000 0.10 1.000 0.08 1.000
OF [-0.18;0.31] [-0.28;0.24] [-0.31;0.18] [-0.24;0.28] [-0.54;0.73] [-0.50;0.66]
Mid -0.13 1.000 -0.08 1.000 0.13 1.000 0.08 1.000 0.14 1.000 0.16 1.000
[-0.52;0.27] [-0.43;0.27] [-0.27;0.52] [-0.27;0.43] [-0.29;0.57] [-0.26;0.58]
End -0.42 0.255 -0.37 0.174 0.42 0.255 0.37 0.174 0.39 0.638 0.40 0.538
[-0.97;0.14] [-0.84;0.09] [-0.14;0.97] [-0.09;0.84] [-0.27;1.05] [-0.24;1.05]
Fast OF Pre Post 0.05 1.000 0.29 0.141 -0.05 1.000 -0.29 0.141 0.32 0.084 0.25 0.336
[-0.41;0.50] [-0.05;0.63] [-0.50;0.41] [-0.63;0.05] [-0.03;0.66] [-0.11;0.61]
Mid 0.15 1.000 0.19 1.000 -0.15 1.000 -0.19 1.000 0.18 1.000 0.18 1.000
[-0.25;0.55] [-0.31;0.68] [-0.55;0.25] [-0.68;0.31] [-0.33;0.70] [-0.34;0.70]
End -0.05 1.000 0.13 1.000 0.05 1.000 0.13 1.000 0.35 1.000 0.34 1.000
[-0.65;0.55] [-0.41;0.67] [-0.55;0.65] [-0.67;0.41] [-0.38;1.07] [-0.38;1.05]
Slow OF Pre Post -0.54 0.005* -0.40 0.007* 0.54 0.005* 0.40 0.007* 0.23 0.973 0.21 1.000
[-0.95;-0.13] [-0.71;-0.08] [0.13;0.95] [0.08;0.71] [-0.22;0.67] [-0.23;0.65]
Mid -0.64 0.286 -0.35 0.369 0.64 0.286 0.35 0.369 0.22 1.000 0.16 1.000
[-1.52;0.24] [-0.86;0.16] [-0.24;1.52] [-0.16;0.86] [-0.52;0.96] [-0.56;0.88]
End -0.52 0.353 -0.37 0.038* 0.52 0.353 0.37 0.038* 0.28 1.000 0.28 1.000
[-1.26;0.23] [-0.72;-0.01] [-0.23;1.26] [0.01;0.72] [-0.36;0.92] [-0.33;0.90]

Values are reported as mean difference (MD) and 95% confidence interval (95% CI).

*Significant change.
OF: optic flow; m/s: meter per seconds; min: minute; cm: centimeter
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SPM analyses revealed a significant interaction effect
for the ankle joint in the matched and fast condition. A
significant main effect of time was found for the knee
and hip (both affected and unaffected side post-stroke)
in the matched and slow condition and for the ankle
(unaffected side post-stroke), knee (affected side post-
stroke), and hip (unaffected side post-stroke) in the fast
condition (Figs S3—S8). In the post-hoc SPM t-tests,
the critical threshold was only exceeded in the fast
condition when comparing pre- and post-manipulation
both at the knee and hip joint of the healthy group.
After the fast OF manipulation, a decrease in knee
flexion with a maximum of 1.2° was found between
66% and 72% of the gait cycle. At the hip, a decrease
in hip flexion with a maximum of 0.77° was found
between 0-5% and 96—-100% of the gait cycle (Fig. 2).
In the other post-hoc pairwise comparisons, the critical
threshold was never exceeded.

DISCUSSION

This study investigated the effect of adding semi-
immersive VR and manipulating the OF speed when
walking on a self-paced treadmill on spatiotemporal gait
parameters, lower limb kinematics, simulator sickness,
and enjoyment in people post-stroke and healthy people.

Although it is suggested in the literature that the
addition of semi-immersive VR during (self-paced)
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treadmill walking leads to a more conservative and
more cautious gait pattern with shorter stride length and
time, increased step width, and reduced hip and knee
range of motion (27, 28), the current results stipulated
that adding semi-immersive VR during self-paced
treadmill walking did not influence the gait pattern in
healthy people and people post-stroke. No statistically
significant changes in spatiotemporal parameters and
lower limb kinematics were found when VR was
added. However, there were some differences between
studies that may explain this discrepancy. The most
important difference is that people did not walk on a
self-paced treadmill. The type of treadmill (fixed speed
or self-paced speed) could influence the way people
adjust their gait pattern due to the VR. Furthermore,
in the current study, adding semi-immersive VR
elicited only minor symptoms of simulator sickness.
All participants were able to complete the walking
session and showed no signs of severe simulator
sickness. Even though people post-stroke showed a
significant increase in SSQ score, very low total scores
were reported in both groups. It seems that walking
in a semi-immersive virtual environment did not elicit
major side-effects.

The virtual environment in this study represented
an endless animated city street and contained no
moving objects or game elements. Participants had
no assignments in the virtual environment and only
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Fig. 2. Results of the post-hoc analyses, paired samples t-test for the fast condition in the healthy group. Horizontal axis is percentage gait cycle.
First row is mean joint angles 1 standard deviation for healthy people pre-manipulation (green) and post-manipulation (b/ue). Second row shows
the statistical parametric mapping t-statistic (SPM(t)) value throughout the gait cycle. The dashed red line is equivalent to a=0.02. Third row shows
mean difference with 95% confidence interval between pre- and post-manipulation.
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had to walk forward. It is possible that in more chal-
lenging environments alterations in the gait pattern
may occur. Nevertheless, results of the VAS questions
showed that patients enjoyed walking with the VR and
would like to use VR in their gait rehabilitation. These
results are promising and support the use of VR for
post-stroke gait rehabilitation. However, more research
about implementing valuable principles in the virtual
environment that could positively influence the gait
pattern and could be used during gait training is needed.

Regarding the second research question, manipula-
tion of OF speed was shown to have only a limited
effect on the spatiotemporal gait parameters and lower
limb kinematics. Both groups increased their walking
speed with an OF that was twice as slow as their com-
fortable walking speed and they had the tendency to
decrease their speed with an OF that was twice as fast.
These results are in line with previous research that
reported a negative correlation between walking speed
and OF speed in healthy people (9—13) and suggest that
people post-stroke use the same strategy to respond to
OF speed manipulations. However, the differences in
walking speed in the current study did not reach the
minimal clinically important difference of 0.10 m/s
(29). The OF speed manipulation also had a limited,
not clinically relevant, effect on the spatiotemporal
parameters and lower limb kinematics. However, there
are some aspects that could influence the effect of OF
speed on locomotion that need further investigation.

First, the level of immersion can impact the user’s VR
experience by influencing the sense of presence (i.e.
the feeling of being physically present in the virtual
world), with stronger feelings of “being physically
present” during exposure to more immersive virtual
environments (22, 23). The current study used the
semi-immersive GRAIL projection screen to mani-
pulate the OF speed. Consequently, participants were
still aware of their real environment and thus also of
the real OF. This might explain why OF speed mani-
pulations were less noticeable for the participants.
Perhaps using a fully immersive virtual environment
would elicit a greater effect on locomotion. As men-
tioned earlier, this paper discusses the results of the
first part of a larger study. The second part compared
the results of the semi-immersive GRAIL session with
the fully immersive HMD session (24). To the best of
our knowledge, this is the first study to investigate the
effect of immersion on OF speed.

Secondly, the type of manipulation (constant vs
intermittent) could also play an important role. In the
current study, a single manipulation of a constant OF
speed was used and participants were not informed about
the manipulation. Although this type of manipulation
(slower or faster OF) had only a small effect on the gait
parameters, the results of this study demonstrate that a
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one-time manipulation of a constant OF speed could
be used during gait training to unconsciously motivate
patients to change their walking speed. The choice fora
constant speed manipulation was based on existing lite-
rature (9, 10, 12, 13, 15, 18). The study of Lamontagne
etal. (8) reported that constant OF speeds elicited larger
variations in walking speed compared with continuously
changing OF speeds, both in healthy people and people
post-stroke. It is suggested that constant OF speeds
are easier to perceive and integrate than continuously
changing OF speeds and could therefore elicit a greater
effect (8). Nevertheless, previous results also indicate
that the effect of OF speed manipulation is rather short
lasting and that a few seconds after the manipulation,
participants return to their comfortable walking speed.
More research about different types of manipulation,
such as multiple intermittent manipulations of a constant
OF speed over a longer period, is therefore needed.
Other factors that could have influenced the current
results are stroke severity, onset, and location. This
study included 16 chronic, ambulatory stroke patients
who walked independently, but still experienced some
difficulties with stairs or uneven surfaces (indicated
by a score of 4 out of 5 on the Functional Ambulation
Categories (FAC)). The protocol was demanding for
the participants. As a result, participants with lower
FAC scores did not participate. Regarding the stroke
onset, there was a lot more heterogeneity between
patients. The mean time since stroke was 44.24 months,
but ranged from 3.4 to 202.5 months (16.8 years).
Future studies should investigate whether stroke seve-
rity and onset could influence the effect of OF speed.
Previous research revealed key brain areas that are
involved in the perception and use of OF during loco-
motion (30). It has been shown that there is a cortical
network that responds to OF and involves visual areas
(middle temporal cortex, V6), multisensory areas
(ventral intra-parietal area, cingulate sulcus visual area,
precuneus motion area), and vestibular areas (putative
area 2v, parieto-insular vestibular cortex) (30). When
the stroke is located in one of these brain areas, the
perception of OF can be affected, and patients could
react differently to the OF speed manipulations (5).
It is therefore advisable for future research to include
the location of the stroke as a patient characteristic.
The current study demonstrated that adding semi-
immersive VR to self-paced treadmill walking is
safe and enjoyable, therefore supporting its use for
post-stroke gait rehabilitation in ambulatory people
with an impaired gait pattern. Despite the limited
effect OF speed had on locomotion, the results of
this study showed that people post-stroke respond
to OF speed manipulations, providing a rationale to
incorporate these manipulations in a VR-enhanced
training. However, before OF speed manipulations can
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be implemented optimally in such a therapy, further
work is needed to determine the most effective type of
OF speed manipulation, as well as to investigate the
carry-over effects to overground walking.

In conclusion, the addition of semi-immersive VR
while walking on the self-paced treadmill of the
GRAIL system did not influence the gait pattern in
healthy people and people post-stroke compared with
walking without VR. Optic flow speed manipulation
appears to have a limited effect on the gait pattern
in both groups. A negative relationship between OF
speed and walking speed was observed in both groups.
However, changes in all gait parameters were very
small and may be clinically irrelevant. Nevertheless,
walking with the semi-immersive VR and manipula-
ting the OF speed did not elicit simulator sickness,
was well tolerated, and enjoyable. Further research is
needed to investigate whether different types of OF
speed manipulation and higher levels of immersion
could elicit a greater effect on locomotion.
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