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Abstract

Background: A frequent rehabilitation goal for children with gait disorders is to practice daily-life walking activities.
Unfortunately, these are often difficult to practice in a conventional therapeutic setting. Virtual reality (VR) with head-mounted
displays (HMDs) could be apromising approach in neurorehabilitation to train such activitiesin a safe environment. First, however,
we must know whether obstaclesin VR are indeed mastered as obstacles.

Objective: Thisstudy aimed to provide information on whether VR isfeasible and motivating to induce and practice movements
needed to master real obstaclesin children and adolescents with gait disorders. Furthermore, this project aims to evaluate which
kinds of everyday walking activities are appropriate to be practiced in VR.

Methods: In this cross-sectional study, participants stepped over a bar, crossed a gap, balanced over a beam, and circumvented
stationary obstructions arranged in a course under real physical and virtua conditions wearing a VR HMD. We recorded the
respective primary outcomes (step height, step length, step width, and minimal shoulder-obstacle distance) with motion capture.
We then calculated the mean differences and 95% CI of the spatiotempora parameters between the VR and physical setup and
later compared them using noninferiority analysis with margins defined a priori by a clinical expert panel. Additionally, the
participants responded to a standardized questionnaire while the therapists observed and evaluated their movement performance.

Results. We recruited 20 participants (mean age 12.0, range 6.6-17.8 years) with various diagnoses affecting their walking
ability. At 3.77 (95% CI 1.28 to 6.26) cm, the mean difference in step height of the leading foot in the overstepping task did not
exceed the predefined margin of —2 cm, thus signifying noninferiority of the VR condition compared to mastering the physical
obstacles. The same was true for step length (—1.75, 95% Cl —4.91 to 1.41 cm; margin —10 cm), step width (1.05, 95% CI 0.20
to —1.90 cm; margin 3 cm), and the minimal shoulder-obstacle distance (0.25, 95% Cl —0.85 to 0.35 cm; margin —2 cm) in the
other tasks. Only thetrailing foot in the overstepping task yielded inconclusive resullts.

Conclusions: Childrenwith gait disorders perform everyday walking taskslike overstepping, crossing, balancing, or circumventing
similarly in physical and VR environments, suggesting that VR could be a feasible therapeutic tool to practice everyday walking
tasks.

(JMIR Serious Games 2024;12:e49550) doi: 10.2196/49550
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Introduction

In pediatric neurorehabilitation, children and adolescents with
congenital or acquired lesions of the sensorimotor system often
experience impairments in gait [1,2]. Consequently, recovery
of walking ability is a frequent rehabilitation goal in pediatric
neurorehabilitation [3]. Thereby, the focus is on promoting
everyday life activities and ensuring meaningful participation
for the child and their family [4]. Therapies targeting gait
encompass a wide variety of therapeutic approaches. In our
clinic, Swiss Children’s Rehab, these therapies include, for
example, conventional physical therapy, including task- and
everyday life-oriented training, rehabilitation robots, and sports
therapy. Normally, these therapies occur in a conventional
therapeutic setting. However, within this setting, many everyday
walking tasks, such as, for example, crossing a wide gap to
board public transportation or avoiding contact with people or
obstacles while navigating through crowded places, cannot be
reasonably practiced.

In recent years, immersive virtual reality (VR) has become
increasingly popular. Since companies have made the
technology more accessible to the community through more
affordable and easy-to-use devices, the use of VR hasincreased,
as have the areas of its use [5]. Accordingly, this upswing in
VR could be promising for its implementation in
neurorehabilitation. Immersive VR puts users directly into
virtual scenarios and gives the illusion of a full physica
presence, providing rich sensory fidelity (high degree of
reliability) [6,7]. To experience immersive VR, head-mounted
displays (HMDs) are most suitable and can convey many of the
abovementioned impressions [8]. A potential goa of using VR
in pediatric neurorehabilitation could be to enhance children’s
abilitiesin their daily lives by practicing task-specific activities
relevant to their everyday lives while till being in a safe
therapeutic environment. Furthermore, its game-like attributes
and animations can increase children’s motivation and enhance
their active participation by minimizing their focus on task
repetitions [9,10]. Additionally, as VR is an accessible and
affordable technology, it could enable hometraining. Moreover,
a significant advantage of using VR in children aged between
6 and 18 years could be that they experience higher levels of
presenceand “realness’ within avirtual environment compared
to adults[11].

Recent studies have already investigated the effectiveness of
acquiring different cognitive and motor tasks with VR. In the
pediatric field, VR has been mainly used for pain management
[6] or educational purposes[12,13], aswell asto createrelaxing
and learning opportunities for children diagnosed with autism
spectrum disorder [14,15] or attention deficit hyperactivity
disorder [16]. However, the long-term effects of VR on
developing children are unknown, and cybersickness or fatigue
of the eyes and brain are potential disadvantages [6,17,18].
According to the authors' best knowledge, no evidence exists
of usingimmersive VR asagait therapy interventionin children
with gait disorders. When including results from augmented
reality studies, a systematic review showed moderate evidence
for improved gait-related outcomes when gait training was
enhanced with commercially available videogame systems, such
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asthe Nintendo Wii or Microsoft Xbox Kinect, in children with
cerebral palsy (CP) [19]. Furthermore, asystematic review and
meta-analysis from Chen et a [20] showed a large effect size
of d=0.861 for improved motor function in children with CP
when comparing commercially available game systems with
conventional therapy or controls (eg, no intervention). However,
such systemslack essential aspectsof VR sincethey areusually
presented on a 2D screen or as floor projections [8] and,
therefore, do not transmit the entire concept of VR, including
full physical presence and immersion.

Immersive VR offers many advantages regarding task-specific
training, motivation, “realness,” and costs[5-7]. Still, it remains
uncertain whether the use of VR in children with gait disorders
isafeasible approach to inducing and practicing the movements
required to perform everyday gait activities. Reasonsto assume
that VR in children with gait disorders might not be feasible
are the lack of visual information of the lower extremities and
the difference in the perception of virtual obstacles by the
children[6,11,21]. Therefore, aprerequisite for the meaningful
use of VR in training everyday gait activities would be that the
children master obstacles presented in VR like they master
physical obstacles. Thus, this project aims to provide
information on whether a VR setup is feasible and motivating
toinduce and practice movementsthat are needed to master real
obstacles in children and adolescents with gait disorders.
Furthermore, this project aims to evaluate which kinds of
everyday walking activities are appropriate to be practiced in
such a VR setup. To evauate this, we compare the
spatiotemporal parameters of performing certain everyday
walking tasks in a virtual and a physical environment using a
noninferiority analysis. The noninferiority analysis should
indicate that the virtual setup is not unacceptably worse than
the physical setup.

Methods

Ethical Considerations

This cross-sectional study took place at the gait laboratory of
Swiss Children’s Rehab, University Children’s Hospital Zurich,
during a single 60-minute session. The ethics committee of the
Canton of Zurich confirmed through a clarification of
responsibility that no approval was needed for this study
(Reg-2021-00364).

Participants

We included children and adolescents aged between 6 and 18
years with gait disorders undergoing inpatient or outpatient
rehabilitation at Swiss Children's Rehab. In line with
recommendations for comparative studies, which propose 8 to
25 participants [22], we aimed to include 20 participants. All
children who were receiving physiotherapy at the time of
recruitment were screened according to the inclusion and
exclusion criteriaand recruited consecutively within 3 months.
To be eligible to participate, they had to be able to walk short
indoor distances without assistive devices or with crutches.
Additionally, they had to be able to follow simple verbal
instructions. Exclusion criteria were a history of seizures,
epilepsy, blindness, or inability to use the HMD (eg,
cybersickness, open wounds on the head).
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Participants characteristics were collected from the patient
records. The physiotherapist rated the functional mobility level
using 2 performance measures. the Functional Mobility Scale
(FMS) and the Gillette Functional Assessment Questionnaire
(FAQ) walking scale [23]. The FM S describes the participant’s
level of functional mobility by assessing the assistive device
used in everyday life over 5m, 50 m, and 500 m on ascalefrom
1 (uses a wheelchair) to 6 (independent on any terrain). The
FAQ assesses functional walking abilities on a scale from 1
(can not make any steps at all) to 10 (walks, runs, and climbs
on even and uneven terrain). Finaly, the lower extremity
proprioceptive impairments of the participants were rated with
the percentage score of the proprioception subsection of the
Fugl-Meyer (FM) assessment for the lower extremities [24].
We assessed proprioception at the hip, knee, ankle, and toe
joints while the participant was supine and barefoot.

According to good clinical practice standards, we obtained
written informed consent from the participants and their legal
representatives before participation.

Rhiel et a

Experimental Setup

The participants had to perform everyday walking tasks in 2
different conditions. physical setup and VR setup. In the
physical setup, the participants had to master rea (physical)
obstacles (Figure 1A). The 4 obstacles, including overstepping,
crossing, balancing, and circumventing, were arranged in a
course. Inthe VR setup, the participants had to master the same
4 obstacles virtually. The obstacles were incorporated into an
everyday environment (Figure 1B). The VR setup matched the
locations and dimensions, but not the appearance of the physical
obstacles. This discrepancy was chosen intentionally since we
wanted to incorporate the obstacles into an everyday
environment asthey would appear in future applications. During
the development process, it was ensured that the environment
was designed as stimulatingly as possible, since interaction and
sensorimotor contingenciesare crucial contributorstoafull VR
experience [8]. Nevertheless, to compare the 2 conditions, we
also had to keep the VR environment simple to avoid the
participants being distracted from their tasks.

Figure 1. (A) Scheme of physical setup, and (B) the appearance of the VR setup when wearing the HMD.
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For this setup, the commercially available VR HMD Meta Quest
2 (MetaPlatforms) was used. We digned the coordinate systems
of the physical and the virtua world, using the hand-tracking
function of the Meta Quest, and scaled and rotated the virtual
world based on 2 points. To test the alignment between the 2
conditions, we checked that the scaling coefficient was near
1.0.

To minimize the influence of fatigue, we randomized the
sequence of the conditions and the starting position within the
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obstacle course. We used aminimization method (randomization
factor 1), including the factors of gender, age, and functional
walking ability defined by the FAQ. During the session, the
physiotherapist accompanied the participants to ensure their
safety and provide assistance if necessary.

Task Description

For the overstepping task, the participants had to step over a
15-cm-high obstacle, which consisted of a plastic bar mounted
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on 2 cones (physical setup) or the lower part of a fence (VR
setup; Figure 2). In the physical setup, participants had to cross
two 3-cm-wide lines projected on the ground with a beamer,
whereas they had to cross a small stream in the VR setup. In
both setups, the gap was 50 cm, thus exceeding the average step
length of children with CP aged between 7 and 14 years (Gross
Motor Function Classification System [GMFCS] levels | and
I1) or traumatic brain injury (TBI) [25-27]. For the balancing
task, we instructed the participants to walk between two
2-cm-wide lines projected 20 cm apart on the floor in the
physical setup and a 20-cm-wide wooden panel over apond in

Rhiel et &

the VR setup. Circumventing was performed by walking around
4 plastic poles (physical setup) or fence posts (VR setup). The
distance of the poleswas 56 cm, corresponding to approximately
1.7 times the average shoulder width of children aged between
6 and 18 years [28,29]. With an estimated protective zone of
30 cm around the obstacle [30], even smaller participantswould
sidestep, while taller participants could still pass through the
obstacles, even when relying on crutches. In addition to the 4
tasks, the participants walked 6.5 m in a straight line without
any obstacles, both with the HMD (walking on green grass) and
without the HMD.

Figure 2. Execution of the overstepping tasks in the physical and virtual reality setups.

M easurement Procedure

Task execution was recorded with atotal of 12 Vicon Vero 2.2
high-speed cameras (Vicon Motion Systems). We placed 9
infrared reflective markers of 16 mm diameter on specific
anatomical landmarks at both feet (3 markers each) and
shoulders (3 markers). The markers were attached to the shoes
asthe participants performed the tasks with shoes and orthotics
(if needed) asin everyday life.

After measuring the participants height and shoulder width and
attaching the 9 reflective markers to the defined positions, the
measurements started with either the physical or the VR
condition. The participants first walked 4 times along the
6.5-meter walkway at self-selected walking speeds. Afterward,
they performed 2 accommodation rounds of the obstacle course
to familiarize themsel ves with the condition and the tasks. The
physiotherapist could provide physica support if the participants
had difficulties with any obstacle. Finally, we instructed the
participants to always step over the obstacle and cross the gap
with the leg they had spontaneously used in the first round.

According to Redekop et a [31], reliability with an interclass
correlation coefficient of 0.90isgiven for an average of 6 strides
when examining discrete gait parameters in children with CP.
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Therefore, 8 trials per condition were recorded to have 2 spare
measurements if any unexpected errors arose while reviewing
therecordings. Oncethe 8 valid attempts per task were recorded,
the participants had a short break, during which they answered
the first part of the questionnaire. Subsequently, the same
procedure was repeated with the second condition, followed by
the second part of the participants questionnaire and the
proprioception subsection of the FM assessment performed by
the investigator. Meanwhile, the physiotherapist compl eted the
therapist’s questionnaire and rated the participant’s FMS and
FAQ.

Data Processing

Vicon data were processed using Nexus Motion Capture
Software (version 7.2; Vicon Inc). Processing of the raw data
included visual determination and defining gait eventslike foot
strike, foot off, etc. We analyzed the data from thefirst 6 valid
trialsfor each condition and task. Then, the datawere exported
to MATLAB R2021a (version 9.10; MathWorks) to calculate
the spatiotemporal parameters. For the spatiotemporal
parameters, we cal culated the mean of the 6 valid trial s per task
for each participant and condition individually. A negative mean
difference between the VR and physical setup indicated a
smaller value in the VR setup.
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Outcome M easures

For the 4 tasks, we sel ected spatiotemporal parameters (Figure
3) in line with the literature [27,32-35]. We calculated the
walking speed, step length and width, and doubl e-stance phase

Rhiel et &

during norma walking with and without the VR HMD.
Additionally, we recorded the time to master each task and the
number of failures, indicating unsuccessful obstacle
negotiations.

Figure 3. Investigated spatiotemporal parameters for each task. (A) represents the respective primary outcomes. L: leading foot; T: trailing foot.

Task 1: overstepping
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The participants answered standardized questions covering their
movement ability, spatial presence, and enjoyment during task
execution on a visual analog scale (VAS). In addition, the
physiotherapists rated the participants movement execution,
level of engagement, and meaningful use on a 5-point Likert
scale.

Statistical Analysis

Participants’ clinical and functional characteristicsare presented
using descriptive statistics. A normal distribution could be
assumed for the differences between the primary outcomes
(Shapiro-Wilk test; P>.05). Therefore, the mean differences
and their SDs were subsequently calculated. Additionally, the
primary spatiotemporal parameters were analyzed using
noninferiority testing with 95% Clsand apriori defined margins
of noninferiority [36]. The noninferiority margins, which served
as boundaries for the 95% CI of the mean differences, were
defined for each task by a panel of 15 expert physiotherapists
(n=14 women; n=1 men). These margins represent the maximum
difference between the VR and the physical setup defined as
acceptable while till considering the conditions to be equal
[37]. To determine the maximum tolerated deviation, the
physiotherapists compared the tasks with everyday life tasks
and considered what deviation they would accept in
conventional therapy for the respective task. A normal
distribution could not be assumed with 15 responses; therefore,
we described the margins using nonparametric parameters such
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Task 3:

Maximal step height (L, T)
Step height over obstacle (L, T)
Preobstacle distance (T)
Postobstacle distance (L)

Single stance phase pre- and postobstacle

crossing

Step length (heel — heel)
Precbstacle distance (T)
Postobstacle distance (L)

Single stance phase pre- and postobstacle

balancing
Step width (heel — heel)
Step length (heel — heel)

Double stance phase (in % of one gail cycle)

circumventing
Difference in shoulder-obstacle distance

(left shoulder to pole 2, right shoulder to pole 3)

asthemedian and IQR. Descriptive statistics are used to present
the participants and therapists questionnaire responses.
Additionally, to analyze the difference in fun between the 2
conditions, we used the Wilcoxon signed rank test with
continuity correction.

Results

Participants

All patients that were examined for digibility within the
recruitment agreed to participate. In total, 7 girls and 13 boys
with different gait disorders participated in this study. Their
mean age was 12.0 (SD 3.5) years, and their mean height was
1.46 (SD 0.21) meters. All participants were able to follow the
instructions and remained compliant during the measurements.
None of the participants reported cybersickness. The spectrum
of functional mobility was broad, including FM S levels 3-6 for
5 m and 50 m and 1-6 for 500 m, as well as levels 6-10 of the
FAQ. However, most participants could walk independently on
all surfaces without any walking device, for at least short to
medium distances (FMS 5 m and FMS 50 m =5 each).
Participants’ lower extremity proprioception (FM score) ranged
from norma to mildly impaired. A total of 9 of the 20
participants had aready used a VR HMD at least once before
this study. Participants clinical and functional characteristics
are presented in Table 1.
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Table 1. Clinical and functional characteristics of the participants.
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Age Height

ID  Sex (years) (cm) Diagnosis® FMS? FAQC Fmd Mobility aid®

1 Male 134 155 Unilateral spastic cerebral palsy (I)  6/5/5 9 93041 None

2 Mae 134 157 Unilateral spastic cerebral palsy (I)  6/6/6 9 100%f None

3 Female 17.0 165 Vasomotor dysregulation with neuro-  5/3/3 9 93%f Forearm crutches

logical involvement

4 Male 9.3 135 Brain tumor 6/6/6 9 94% None¥

5 Mae 14.2 166 Polytrauma 6/6/5 9 94% None

6 Male 17.8 176 Spinal tumor with neurological in-  6/5/5 8 94% None?

volvement

7 Male 8.0 141 Stroke 6/6/6 10 100% None

8 Female 16.8 163 Myasthenia gravis 6/6/5 9 94% None

9 Female 8.0 121 Rhabdomyolysis 6/6/5 9 94% None

10 Mae 6.6 110 Brain tumor 6/6/6 9 88% None

11 Male 136 148 Myelomeningocele 5/3/1 7 100% f Forearm crutches
12 Female 10.9 147 Stroke 6/6/6 9 100% None

13  Male 15.1 160 Myelomeningocele 3/3/1 6 100% Forearm crutches
14 Mae 145 165 Stroke 6/6/6 9 100% None

15 Female 134 171 Ataxia 6/6/5 9 100% None

16 Mae 116 145 Bilateral spastic cerebral palsy (1) 6/6/5 9 100% None

17 Male 7.0 112 Arthrogryposis Multiplex Congenita 5/5/2 7 94% None¥

18 Mae 9.7 118 Myelomeningocele 5/5/1 9 88% None

19 Female 8.3 121 Unilateral spastic cerebral palsy (I)  6/6/6 10 100% None

20 Female 10.9 142 Brain tumor 6/5/5 8 94% None¥

8 n children and adol escents diagnosed with cerebral palsy, the Gross Motor Function Classification System Level is given in parentheses.

BFMSS: Functional Mobility Scale 5/50/500 m.

°FAQ: Gillette Functional Assessment Questionnaire-walking scale.
R=VE Fugel-Meyer assessment.

“Mobility aid used in both conditions.

fDue to restricted movements in certain joints or due to pain, not all movements of the FM could be performed by these participants. Therefore, for
these participants, the relative value is not calculated from the maximum score (16 points), but from the individual maximum score (8-14 points).

9Did not need amohility aid, but needed close supervision of their physiotherapist.

The participants had to walk the obstacle course from 8 to 16
times to obtain 6 valid trials per task. This resulted in 25-39
recordings per participant for the entire measurement. The most
frequent reason why atrial was considered invalid was crossing
the obstacle with the wrong leading foot. Furthermore, some
attempts were declared invalid when the instructions were not
followed or the recording of the markersfailed. There were no
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missing data, except for participant 9 (only 5 valid crossing task
trials in the physical setup) and participant 10 (only 5 valid
overstepping task trials in the physical setup).

Spatiotemporal Parameters

The differences between the VR and the physical condition
varied widely between the participants and tasks (Figure 4).
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Figure 4. Differences per participant and task for the primary outcomes. The blue bars represent the mean differences and SD over al participants.
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During normal walking, step length and gait speed decreased,
and step width dlightly increased in the VR condition compared
to the physical setup (Table 2). In task 1, participants lifted the
leading foot 3.77 cm higher and the trailing foot 1.75 cm lower
in the VR setup when overstepping the obstacle. In task 2, they
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l Noninferiority margin | Noninferiority margin

decreased the step length by 1.75 cm in the VR setup. Asin
normal walking, step width and the double stance phase
increased, while step length decreased in the VR setup of the
balancing task. For task 4, the distance from the shoulder to the
obstacle did not differ between the 2 conditions.
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Table 2. Spatiotemporal parameters for the conditions and tasks.
Task and parameter Physical setup Virtual reality setup ~ Difference?
Task 0: normal walking, mean (SD)
Step length (cm) 60.44 (10.22) 54.91 (7.11) -5.53(7.14)
Step width (cm) 9.29 (3.92) 9.48 (3.07) 0.19 (2.07)
Gait speed (m/second) 1.10(0.23) 0.95 (0.20) -0.15 (0.24)
Double stance phase (%) 24.75 (4.41) 27.48 (3.82) 2.72 (4.21)
Task 1: overstepping
Max step height (L?; cm)®, mean (SD) 27.53 (4.74) 31.31(7.21) 3.77 (5.69)
Max step height (T%: cm)®, mean (SD) 2830 (6.27) 26.55 (8.47) -1.75(7.07)
Step height over obstacle (L; cm), mean (SD) 24.77 (5.18) 25.30 (8.29) 0.53 (5.64)
Step height over obstacle (T; cm), mean (SD) 25.32 (5.61) 18.80 (9.06) —6.52 (8.28)
Preobstacle distance (T; cm), mean (SD) 16.45 (7.66) 10.17 (9.01) —6.28 (5.60)
Postobstacle distance (L; cm), mean (SD) 19.60 (5.67) 24.45 (6.97) 4.85 (5.58)
Single stance preobstacle (T; seconds), mean (SD) 0.70 (0.17) 0.75 (0.16) 0.05 (0.10)
Single stance postobstacle (L ; seconds), mean (SD) 0.62 (0.14) 0.60 (0.10) -0.01(0.12)
Total time (seconds), mean (SD) 3.64 (1.49) 4.03 (1.16) 0.39 (0.84)
Total failures max step height <16 cm (L), n (number of children) 1(1)¢ 4(2)° 3(1)°
Total failures max step height <16 cm (T), n (number of children) 1(1)® 15 (3)° 14 (2)®
Task 2: crossing
Step length (cm)°, mean (SD) 83.81 (7.11) 82.06 (9.32) -1.75(7.22)
Preobstacle distance (T; cm), mean (SD) 6.36 (4.55) -5.91 (8.27) -12.27 (8.87)
Postobstacle distance (L; cm), mean (SD) 3.29 (5.99) 13.82 (7.50) 10.53 (6.96)
Single stance preobstacle (T; seconds), mean (SD) 0.61 (0.14) 0.69 (0.17) 0.08 (0.15)
Single stance postobstacle (L ; seconds), mean (SD) 0.54 (0.08) 0.54 (0.09) 0.00 (0.07)
Total time (seconds), mean (SD) 4.05 (1.26) 4.69 (1.11) 0.64 (0.79)
Total failures step length <51 cm, n (number of children) 14 (7)¢ 31 (10)° 17 (3)°
Task 3: balancing
Step width (cm)t, mean (SD) 5.36 (2.92) 6.41 (2.69) 1.05 (1.93)
Step length (cm), mean (SD) 52.73 (8.51) 47.31 (11.56) —5.41 (8.45)
Double stance phase (%), mean (SD) 28.58 (5.35) 32.55 (6.05) 3.97(6.39)
Total time (seconds), mean (SD) 4.44 (1.43) 5.31(1.72) 0.87 (1.88)
Total failures step width >19 cm, n (number of children) 6(3)° 5(3)¢ -1(0)°
Task 4: circumventing
Minimal shoulder-obstacle distance (cm)®, mean (SD) 10.66 (3.36) 1041 (3.77) 0.25(4.44)
Total time (seconds), mean (SD) 5.25 (2.48) 5.76 (1.98) 0.50 (1.51)
Total failures minimal distance <2 cm, n (number of children) 3(3)° 13 (7)® 10 (4)®

#The differences were calculated by subtracting the value of the physical setup from the value of the virtual reality setup. Consequently, negative
differencesindicate alower value for the virtual reality setup.

b leading foot.

CPrimary outcomes (also used to define the number of fails).
dr. trailing foot.

®The number of children that made these fails.
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Noninferiority Analysis

We applied noninferiority analyses [37] to compare the
differences in the primary outcomes between the VR and
physical setups for each task according to the a priori defined
noninferiority margins. As depicted in Figure 5, the
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noninferiority analysis revealed noninferiority for the leading
foot and wasinconclusivefor thetrailing foot when overstepping
the obstacle. For crossing, balancing, and circumventing, the
results of the statistical analysis showed noninferiority in all
Cases.

Figure5. Noninferiority analysis for the primary outcomes. A negative mean difference indicates a smaller value in the virtual reality (VR) setup than
in the physica setup. The noninferiority margins in blue represent the maximum difference between the two conditions while still considering the
conditions to be equal. As long as the 95% CI of the mean difference does not exceed this margin, the VR setup is noninferior to the physical setup.
Inferiority of the VR setup is assumed when the 95% CI touches the red inferiority area and, at the same time, does not cross the line of no difference

between the two conditions.
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Questionnaires

When asked how well the participants could move around using
the HMD, 75% (15/20) of the participants scored =8 and did
not feel restricted in their ability to move around. Not being
able to see their body or feet was no problem (score =7) for

Noninferiority margin

IQR = Difference Inferiority

most (14/20, 70%; Figure 6) participants. Most participants
(24/20, 70%) felt physically present in the virtual scenario (score
>7), even if the environment and the objects did not seem
entirely realistic to them. The participants had fun in both
conditions; however, the VR setup was rated significantly better
(P<.001).

Figure 6. The participants’ and therapists' views on the use of the virtual reality (VR) head mounted display (HMD) in physiotherapy.
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According to the therapists, movement execution during the
VR setup was not impaired in 65% (13/20) of the participants
when walking normally or dealing with obstacles. The most
common reason why therapists considered mild impairment in
movement execution while wearing the HMD was a more
cautious and slower gait pattern. The therapists perceived the
level of engagement in the VR setup to be lower in 4
participants, similar in 7 participants, and higher in 9
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participants. Therapists had ambivalent views regarding the
meaningfulness of using VR to train for mastering obstacles.
Reasons for considering the application meaningful included
increased enthusiasm for movement, the challenge of altered
visual control, and, therefore, the increased awareness of the
children’s bodies. Reduced speed, reduced focus on the given
instructions, lack of feeling the edges of the obstacles, and
consequences, such as stumbling when not lifting the foot high
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enough, werereasonsagainst VR being ameaningful application
for some participants. The balancing task was the task most
often considered meaningful by the therapists.

Discussion

Principal Findings

Thisstudy aimed to provideinformation on whether aVR setup
is feasible and motivating to induce and practice movements
that are needed to master real obstacles in children and
adolescents with gait disorders. Furthermore, this study aimed
to evaluate which kinds of everyday walking activities are
appropriateto be practiced in such aVR setup. To achievethese
goals, avirtual and a physical condition, the latter resembling
therapeutic setup, were compared with each other. We chose a
noninferiority analysis to quantify the differences between
spatiotemporal parameters defined a priori. This noninferiority
analysis reveded that for 3 of the 4 walking tasks encountered
in everyday life, mastering the virtual obstacles provided by an
HM D was noninferior to mastering the physical obstacles. Thus,
the results suggest that children and adolescents with gait
disorders can practice crossing a wide gap, balancing on a
narrow area, and circumventing stationary obstacles
appropriately in a virtual setup. Furthermore, overstepping a
virtual obstacle with theleading foot was also noninferior; only
the results for the trailing foot were inconclusive.

Comparison to Previous Work

Normal Walking

The participants walked slower in the VR compared to the
physical setup, which corresponds to the findings of Almajid
et a [38] and Horsak et al [39]. Almajid et al [38] found that
younger and older adults needed significantly more time to
perform the timed up-and-go test when wearing an HMD, even
without the projection of avirtual scene. In the study of Horsak
et a [39], hedthy individuals also demonstrated a slower
walking pattern when walking in an overground VR
environment compared to areal environment. This effect should
be considered when wearing an HMD in rehabilitation. Still,
the mean gait speed during normal walkinginthe VR setup was
within the range of self-selected walking speed in children aged
between 7 and 14 years with CP (GMFCS levels| and 1) and
TBI [25-27]. Although the participants FMS and FAQ values
were in the upper range of the scales, their gait speed in the
physica setup was till below the average of typically
developing youths[40]. Thereduced gait speed in the VR setup
was accompanied by a decreased step length and a dlightly
prolonged double stance phase.

The mean step length in both conditions was above the average
step length of 50 cm reported for children aged between 7 and
14 years with CP (GMFCS stages | and I1) and TBI, but below
the average step length of 68 cm reported for typically
developing children of the same age [25-27]. The double-stance
phase of our participants during normal walking was in both
conditions remarkably longer than in typically devel oping youths
aged between 5 and 21 years [40]. Several therapists observed
that the movements of their patients were constrained at the
beginning of wearing the HMD, especially during normal
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walking. Thiscould be because more than half of the participants
had never worn a VR HMD before participating in this study.
However, the difference in double stance time between the VR
and physical setup was considerably smaller compared to the
difference in double stance time between typically developing
individuals and individuals with blindness [41].

Overstepping

First, the noninferiority analysis demonstrated that the maximal
step height of the leading foot when stepping over the virtual
obstacle was noninferior compared to the physical obstacle.
This indicated that participants raised their leading foot to the
same height when overstepping the virtual obstacle. However,
they lifted their trailing foot considerably less high in the VR
condition. This finding is supported by a study by Hagio and
Kouzaki [42], in which healthy adults overstepped avirtual and
physical obstacle. While the vertical height of the leading foot
correlated highly (r=0.77) between the VR and physical
condition, the correlation was lower for the trailing foot
(r=0.47). As Kim et a [43] describe, an explanation for the
difference between the leading and trailing foot in the VR setup
could bethe missing visual information regarding the height of
the foot and, therefore, not being able to correct its height.
Further results from Hagio and Kouzaki [42] suggest that
visuomotor transformation in the leading leg contributes to a
motor plan for trailing limb toe trajectories while stepping over
an obstacle.

Crossing

Second, although the primary outcome parameterswere mostly
comparable between the virtual and physical setups, the
movement was slightly displaced when overstepping or crossing
the obstaclesin the VR setup. Participants stepped too close to
the obstacle or even over the edge of the obstacle. In general,
however, the steps were amost the same length and height in
the VR and physical setups, just at different locations. As the
HMD blocks out the physical world, alack of spatial information
about the environment and the body’s state relative to the
environment could be a reason for the dlightly displaced
movement execution in the VR condition. However, most
participants indicated on the VAS that not seeing their feet or
body was not a problem for them. Furthermore, almost half of
the participants scored 100% on the FM assessment, which tests
the proprioception of the lower extremities. Nevertheless, using
afully immersive VR, Kim et a [43] investigated how visual
information about the lower extremities is integrated with
information about the environment to facilitate successful
obstacle avoidancein healthy young adults. Their study revealed
that visual information about the lower extremities promoted
more consistent behavior while stepping over an obstacle.

Balancing

Third, in both conditions of the balancing task, the step length
was slightly decreased, and the double stance phase increased
compared to the corresponding normal walking condition. As
reduced step length and prolonged double stance phase are
considered indicators of reduced balance [41], we can assume
that the participants made a real effort to balance over the
physical and virtual obstacles. Although the participants rated
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thistask asrather difficult, they produced only a small number
of failures. The step width, which we considered crucial for
successfully completing the balance task, was, on average, 1
cm larger in the VR than in the physical setup. However, the
noninferiority analysisillustrated that the step width in the VR
setup was noninferior to that of the physical condition.
Therefore, we assumethat the participants successfully balanced
over the obstaclein VR and in reality.

Circumventing

Fourth, when moving in public areas, it becomes essentia to
circumvent stable objects or moving people, have a stable base
of support, and balance in anarrow space. Several studies have
investigated the critical point (the ratio between aperture width
and shoulder width at which a shoulder rotation occurs at the
time of crossing) and safety margin (the spacethat ismaintained
between the shoul ders and the obstacles at the time of crossing)
for aperture crossing [30,44]. Whenever the participants had to
rotate their shoulders, they maintained a larger safety margin
when crossing [44]. For example, the critica point for
circumventing poles, calculated from the mean shoulder width
of the participants and the distance between the poles, was a
ratio of 1.3[44]. The present study’s ratio between the aperture
width and the mean shoul der width equaled 1.6. Assuming that
participants did not rotate their shoulders at such a ratio, the
safety margin was dlightly less than the 30 cm observed in the
study of Hackney et a [30]. However, the safety margins of 10
cm of the VR and physical setup equal those of young, healthy
adults who had to avoid poles with an aperture/shoulder width
ratio of 1.3 [44]. The results of the noninferiority analysis
suggest that partici pants successfully circumvented the obstacles
inthe VR setup. In addition, Hackney et a [45] recently showed
that individualswho had to avoid obstaclesin avirtual scenario
wearing an HMD behave similarly with virtual poles and
avatars, indicating generalization to awide range of applications
inVR.

Questionnaires

In summary, the participants were very positive toward training
walking tasks in a VR setting. Due to its game-like features,
the participants experienced significantly more fun in the VR
than in the physical setup. How VR-assisted physical therapy
might affect a participant's enjoyment and motivation over time
needs to be investigated in the future. The physiotherapists did
not observe a difference in the participants engagement level
between the VR and physical setup, indicating that the
participants made similar efforts in both conditions. Thus, a
comparison between the 2 conditions was feasible.

Limitations

This study has several limitations. First, the group size of 20
participants was rather small. However, it is in line with
recommendations [22], as the purpose of this study was to
provide information on whether a VR setup is feasible and
motivating to induce movements that are needed to master real
obstacles and which kinds of everyday walking activities are
appropriate to be practiced in such a VR setup. To examine the
appropriateness and effectiveness of VR training, more
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participants would have to beincluded in the next study. Despite
the considerable heterogeneity of this study, noninferiority could
still be shown in 3 tasks.

Second, even though the dimensions and locations of the
obstacles did match in both conditions, the different
visualizations of the physical setup and the VR setup could have
impacted the participants’ gait. However, this limitation was
chosen intentionally, as we wanted the obstacles to look like
they would appear in future applications.

Third, a panel of experts decided on specific margins to define
noninferiority, as no reliable reference values for the
noninferiority analyses existed in the literature. In order to
minimizethislimitation for afurther project, additional external
experts could be asked and added to the panel.

Fourth, the gait laboratory is frequently used for clinical gait
analysis. Therefore, the Vicon cameras pointed to the middle
of theroom. Sincetherecording areafor this study was dightly
broader, some markers disappeared at times from the
measurement volume, which is one reason why some
participants had to complete more than 8 rounds to record
sufficient valid trials. Consequently, the high number of
repetitions might have bored and fatigued some participants,
which might have decreased their concentration toward the end.
With verbal input for the participants and breaks between the
trials if needed, we tried to keep the number of trials and the
fatigue of the participants as low as possible.

Fifth, a dlight misalignment between the real and virtual setups
might have introduced an unknown error in calculating the
parameters. We calibrated the alignment immediately before
putting the HMD on the participant’s head to minimize this
error.

Sixth, the feet were not visible to the participants in the VR
condition. We assume that a lack of spatial information rather
than impairments in proprioception might have caused failures
such as stepping over the edge, as the FM assessment did not
indicate major lower limb proprioception impairments in the
participants. A further study investigating the influence of foot
projection in VR could provide further information regarding
the influence of the visability of the feet.

Conclusions

This is the first study showing that children and adolescents
with gait disorders master various obstacle tasks, such as
overstepping abar, crossing awide gap, balancing on a narrow
area, and circumventing stationary obstacles, similarly in VR
and physical conditions. Only the resultsfor thetrailing foot in
the overstepping task wereinconclusive. Therefore, we conclude
that using a VR setup to practice mastering obstacles with
children and adolescents with gait disorders is feasible and
motivates them to practice everyday walking tasks. In the long
run, the feasibility of using HMDsin aclinical therapy setting,
patient motivation over a longer period of time, the
appropriateness and effectiveness of such VR interventions,
and identifying potential respondersto such interventionsrequire
further investigations.
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