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The effects of virtual soccer game on balance, gait function,
and kick speed in chronic incomplete spinal cord injury: a
randomized controlled trial
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STUDY DESIGN: Participant-blinded comparative pre-post randomized controlled trial.
OBJECTIVE: To evaluate the effects of virtual soccer game on balance, gait function, and kick speed in individuals with spinal cord
injuries.
SETTING: Forty participants with incomplete spinal cord injury (SCI) were included.
METHODS: The participants were randomized into either an experimental group (EG) or a control group for treatment 3 days/week
over 4 weeks. The clinical outcomes included the results of the chair stand test (CST), timed up-and-go (TUG) test, and 10m walking
test (10MWT). The virtual reality (VR) content outcome measure was kick speed.
RESULTS: The independent t-test results indicated that the participants in the EG exhibited superior performances in the CST, TUG
test, 10MWT, and kick speed test (all P < 0.05).
CONCLUSIONS: Our results provide novel, promising clinical evidence that VR rehabilitation improves both dynamic and static
balance and reduces the risk of falls in patients with incomplete SCI of Asia impairment scale grades C–D.

Spinal Cord (2022) 60:504–509; https://doi.org/10.1038/s41393-021-00745-y

INTRODUCTION
The number of people living with spinal cord injury (SCI)
worldwide is increasing owing to the development of transporta-
tion systems and industries. The incidence of SCI and injury
patterns vary considerably across world regions in relation to
resource levels; geographic, demographic, and socioeconomic
factors; and changes occurring due to the aging of populations,
with increased injuries due to falls and non-traumatic causes [1].
Sitting or standing balance and gait impairments resulting from
losses of sensation and muscle strength in parts of the body below
the level of the injury due to loss of motor function are considered
major causes of decreased quality of life in people with SCI [2–4].
Trunk control is essential to the arm and leg movements of
neurologically normal individuals [5]. However, individuals with
SCI lose their ability to activate the trunk muscles related to arm
and leg movements. The level (and extent) of injury indicates the
deficit in trunk control coordination, which in turn affects trunk
stability and maximum hand reach distance but may not
necessarily affect other arm movement patterns such as those in
wheelchair propulsion. This results in the compensatory action of
the quadriceps muscles to support trunk function or even replace
the role of the trunk during walking or standing [6]. Therefore,
quadriceps muscle training rehabilitation can enhance the walking
and balance functions of individuals with incomplete SCI. Previous
studies showed that strengthening the quadriceps, hamstring and
gluteus muscles of individuals with SCI are effective for enhancing

their walking and balance functions [7]. To activate the quadriceps
muscles of patients with SCI, electrical stimulation at a frequency
of ~20 Hz is typically applied [8]. However, the consequent
physiological changes of the quadriceps muscles result in
increased resistance to fatigue with training or frequency of
electrical stimulation [8].
To mitigate the inherent problems of conventional physiother-

apy, innovative user and computer interactive training systems
designed to provide repetitive, task-specific, and motivative
exercises were developed using virtual reality (VR) technology
[9, 10]. Therefore, intrinsic motivation is especially important for
individuals with SCI to better understand the necessity of
rehabilitation and achieve rehabilitation goals. VR systems reduce
risks and provide patients the opportunity to safely experience
activities that they would not otherwise experience in real life
[11, 12]. To compensate for patients’ inability to participate in such
experiences in real life, VR, a computer-generated three-dimen-
sional artificial environment that simulates reality, is used. VR
allows users to have various experiences intuitively by creating an
illusion in a virtual space through the interaction between the
computer and the user [13]. Furthermore, the auditory and
visual effects of VR content can deeply immerse and intrigue
patients [14].
In a previous study, Villiger et al. observed that after 4 weeks of

VR, pain intensity and measures of balance, endurance, motor skill,
and independence showed improvements in 14 individuals with
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incomplete SCI [15]. In the present study, VR content was
proposed to minimize the intervention of therapists and allow
patients with incomplete SCI to voluntarily participate in
rehabilitation processes by applying game elements that motivate
them as tools for triggering behavioral change [16, 17]. The
specific aim of the present study was to examine the effects of VR
rehabilitation on dynamic and static balance and the risk of falls,
and the effects of VR content on outcomes in patients with
incomplete SCI.

METHODS
Participants
A total of 40 participants with incomplete SCI were recruited from a SCI
rehabilitation support center in Gyeonggi, Korea. The participants were
randomly classified into an experimental group (EG) and a control group
(CG). Each group was composed of 20 participants and received
interventions. The study was approved by the university Institutional
Review Board (IRB No. 2020-03-004-002) before any activities related to the
study were started. The present study had a randomized, single-blinded
experimental design where patients were randomly assigned to either the
control or EG through a random allocation sequence method using the
Excel program. To reduce or eliminate the experimental biases associated
with the participants’ expectations, experimental information that might
affect the participants was masked until the completion of the experiment.
The inclusion criteria were as follows: (1) chronic, clinically incomplete SCI
(time since injury > 1 year); (2) C5 to C7 SCI and manual muscle test (MMT)
grade > 3 for quadriceps muscle strength; (3) no knee range-of-motion
(ROM) limitation; (4) motor-incomplete SCI (grade C or D) classified
according to the International Standards for Asia Impairment Scale; (5)
lower extremity weight-bearing (standing and/or walking) as part of the
typical activities of daily living and medical clearance to participate; (6)
patients who can perform the 10MWT at least twice; and (7) lower
extremity motor score ≥ 20. The exclusion criteria were (1) surgery in the
last 6 months, (2) musculoskeletal disorders such as bone fracture or
contracture, (3) bone instability (non-consolidated fractures, unstable
spinal column, or severe osteoporosis requiring treatment with bispho-
sphonates), or (4) other neurodegenerative disorders (e.g., amyotrophic
lateral sclerosis or Parkinson’s disease).

Interventions
The participants in both groups received 12 sessions of a 30min therapy
3 days/week for 4 weeks in their homes. Evaluations using the MMT, chair
stand test (CST), timed up-and-go (TUG) test, 10 m walk test (10MWT), and
ROM test were performed before and after each session. A physical
therapist (CP) performed the MMT and ROM test in each participant for
seven lower limb muscle groups (hip flexors/extensors/abductors, knee
flexors/extensors, ankle dorsiflexors, and plantar flexors) in standardized
patient positions [18]. The MMT was used to determine the knee extensor
strength in the standard MMT position, which is sitting on a chair while
actively extending the knee. The performance in each test was rated
between grade 0 (no movement and contraction) and grade 5 (full ROM
against gravity with maximal resistance). The participants in the EG
underwent rehabilitation while sitting in a wheelchair and wearing a head-
mounted display (HMD) and input devices that recognize lower limb
motions in both legs. Audiovisual signals were delivered to the participants
via the sound effects in the VR content. The participants were asked to lift
their legs as they received the signals, which were delivered to them with
every approaching virtual ball. According to the participant’s condition for
30min, knee extension exercises must be performed 20 times, that is, 10
times for each leg in random order.
By contrast, the participants in the CG underwent rehabilitation without

the VR content. They underwent rehabilitation while sitting in a wheelchair
and wearing input devices that recognize lower limb motions. The exercise
program for the participants in the CG included lowering the leg
immediately after extending the knee and lowering the leg after extending
the knee and holding it for at least 3 s as indicated by a certified physical
therapist. These movements were repeated ten times, with two sets for
each leg. The devices that the participants wore on their legs were used to
collect the data for the study (Fig. 1).

Chair stand test
The CST was used to examine stability and balance control during a
pattern of repeated sit-to-stand movements. The participants sat on an
armless chair, with their arms on the sides, their back upright, 90° hip
flexion, and their feet flat on the floor at 10 cm behind the knees. Then,
they were instructed to stand up with the hips and knees in full extension
and sit down five times as quickly and safely as they could without using
the arms. In this test, the time from the command “Go!” until the
participant’s back touched the backrest of the chair on the fifth repetition

Fig. 1 Flow chart showed experimental procedure. VR Virtual reality.
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was recorded [19, 20]. The reliability and validity of the CST was well
established in a previous study [21].

Timed up-and-go test
The TUG test was used to examine the risk of falls. It was started by having
the participant sit back in a chair. Then, the participant rose from the chair,
walked 3m, turned around, walked back to the chair, and sat down. The
time taken by the participant to complete the test was measured, and
participants who took <10 s to complete the task were classified as normal,
whereas those who took 10–20 s to complete the task were classified as
somewhat mobile, and those who required >20 s were classified as
individuals in urgent need of caregiver help [19, 20, 22]. The TUG test,
which is a valid measure that correlates well with the Berg Balance Scale,
safety in community ambulation, and 10MWT.

Ten-meter walk test
The 10MWT is a performance measure used to assess walking speed in
meters per second over a short distance. It can be used to determine
functional mobility, gait, and vestibular function [19, 23, 24].

Creation of the VR content
Users of the VR content performed motions while seated in a wheelchair
by using a HMD, input devices that recognize lower limb motion, and a
base station than recognizes user motions. The base stations detected the
VR users’ locations and allowed them to navigate and communicate with
their avatars in the virtual world. If the user made motions and these
motions were recognized by the base station, their avatar made exactly the
same motions in the virtual world; as a result, users could become more
immersed in the virtual activity.
In the VR content created for the rehabilitation, two kinds of balls, a

soccer ball and an iron ball, approached the participant. Special
approaches to design were adopted for these balls. Whereas the soccer
ball was designed to make one want to kick the ball, the iron ball was
designed to make one want to avoid it by lifting a foot. No explanation was
required to elicit these feelings from the participants. In the VR content, 20
balls rolled toward the participant over a maximum of period of 1 min.
Specifically, ten balls rolled toward the left foot, and another ten rolled
toward the right foot, in random order and at random times. For each foot,
eight soccer balls and two iron balls were allocated. The participants
gained one point for each virtual soccer ball they kicked but lost one point
if they failed to raise their foot within 3 s of the ball’s arrival. Conversely,
the participants gained one point for each iron ball they avoided by lifting
their leg within 3 s of the iron ball’s arrival and holding that leg in the air
for 3 s. They lost one point for each iron ball they failed to avoid (Fig. 2).

Development of an input device that recognizes lower limb
motions
An Arduino microcontroller and two gyroscopes formed an input device
that recognizes lower limb motions and was used in the study. The input
devices were attached to the participant’s tibia, located 5 cm above each
malleolus on the inner side and parallel to the gyroscopes. The gyroscopes
were used as data-collecting instruments that interacted with the VR
content by using serial communication. The data on the location of each

lower limb were updated at a speed of 1 ms. Therefore, the data on both
lower limbs were received at a speed of 2 ms. In addition, the data were
transmitted in real time at 500 Hz. The avatar’s motions in VR were
embodied in accordance with the data received from the input devices. To
complete the task with their avatars, the participants must move their
lower extremities on both sides.

Kick speed
The participants performed knee extension by kicking a ball toward the
displayed lines. For each hit, the participant received a score reward. This
exercise required the participants to tilt the lower leg and thus trained
knee extension without direct measurement of the knee angle. To
minimize the learning effect between the EG and the CG, the kick speed
measurement test was used with VR content different from that used in
the training during the VR intervention in the EG.

Statistical analysis
All results are shown as mean and standard deviation. Under the
assumption of a normal distribution, all continuous variables were
analyzed using the Kolmogorov–Smirnov test. The paired and indepen-
dent t-tests were used to compare data within and between the groups,
respectively. A power analysis was performed using G*Power (Franz Faul,
University of Kiel, Kiel, Germany) to calculate the minimum sample size
required (N= 36), on the basis of the findings of our pilot study. To achieve
a power of 0.80 and an effect size of 0.69, a sample size of 30 was required,
calculated from a pilot study of four subjects by using a partial η2 value of
21 at a significance level of 0.05. In addition, the independent t-test was
used to determine all the changes associated with the use of each
measure. The statistical analysis was performed using SPSS 25.0 for
Windows (SPSS Inc., Chicago, IL, USA). The data were trimmed because of
the presence of an outlier and missing data. In addition, the differences
between the two groups were quantified, and the actual significance levels
of the variables were measured using the effect size.

RESULTS
The participants’ characteristics are shown in Table 1. In the two
groups, the participants’ quadriceps muscle strengths, heights,
and ages were determined to analyze the homogeneity of
variances between them. Test results with P values > 0.05
demonstrated group homogeneity.

Clinical outcomes
Chair stand test. The independent t-test results showed sig-
nificantly greater decreases in CST times (P < 0.05) and greater
difference between pre- and post-intervention in the EG than in
the CG, which suggests improved static balance in the participants
with incomplete SCI in the EG. The observed effect size (Cohen’s
d = 0.71) can be classified as large (Table 2).

TUG test. The independent t-test result showed significantly
greater decreases in the TUG test time (P < 0.05) and greater

Fig. 2 VR content created for rehabilitation. Only soccer balls
should be kicked to avoid iron balls. VR virtual reality.

Table 1. Demographic and clinical characteristics of the participants
(N= 40).

Characteristic EG (n= 20) CG (n= 20) P value

Age (Years ± SD) 42.27 ± 5.51 43.00 ± 7.15 0.471

Sex (Male/Female) 12/8 11/9 0.749

Height (cm) 158.14 ± 7.10 163.28 ± 3.45 0.372

Weight (kg) 55.00 ± 7.43 59.14 ± 10.33 0.461

MMT 3.18 ± 0.29 3.08 ± 0.18 0.314

Knee flexion ROM 134 134 1.00

C5-7 AIS C 7 10 0.379

C5-7 AIS D 13 10

SD standard deviation, EG experimental group, CG control group, MMT
manual muscle test, ROM range of motion, AIS Asia impairment scale.
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difference between pre- and post-intervention in the EG than in
CG, indicating a greater decrease in the risk of falls. The observed
effect size (Cohen’s d = 0.42) can be classified as medium
(Table 3).

Ten-meter walking test. The independent t-test result showed
significantly improved 10MWT scores (P < 0.05) and greater
difference between pre- and post-intervention in the EG than in
the CG, indicating a greater increase in dynamic balance. The
observed effect size (Cohen’s d = 0.61) can be classified as
medium (Table 4).

VR content outcomes
Kick speed. The increase in kick speed gained by the participants
in the EG and CG during the time that they used the VR content
for exercise was significant (P < 0.05). The Fig. 3 shows that the
difference between pre- and post-intervention was greater in the
EG than in the CG. A statistically significant difference was found
between the two groups in terms of the effect of the intervention
between the EG and the CG. The observed effect size (Cohen’s d
= 0.307) can be classified as small (Fig. 3), which suggests a
greater increase in the velocity of the lower limb movement in the
EG than in the CG.

DISCUSSION
According to the results of the tests conducted after the
interventions, the performances of the participants in both the
EG and CG improved in each category compared with their
performances before the intervention. However, a statistically
significant difference was found between the EG and the CG. The
present randomized controlled study is the first clinical study to
highlight the positive effects of a VR intervention on static and
dynamic balance and kick speed. We can conclude that
rehabilitation programs that use VR content could be used to
create an environment in which participants can independently
undergo rehabilitation with less help from rehabilitation thera-
pists, as such programs improve quadriceps muscle function and
ultimately lead to improvement in patients’ performance in
activities of daily living, similarly to rehabilitation programs that
use verbal directions from therapists. The overall muscle strength
and coordination improvements of the quadriceps muscles might
have allowed patients with SCI to walk faster and gain stability
(10MWT and balance scale improvement) [15, 25].
During exercise using the VR content, the participants in the EG

were provided with audiovisual stimuli that made them feel as
though they were in an environment in which balls were rolling
toward them. By contrast, the patients in the CG received minimal

Table 2. Chair stand test.

CST (unit: second) Post-Pre mean difference P (within group) P (between groups) Effect size

EG Pre 54.10 ± 6.72 18.89 0.01a 0.03b 0.706

Post 35.21 ± 7.76

CG Pre 52.63 ± 6.53 15.11 0.02a

Post 37.52 ± 9.95

Mean ± SD.
CST chair stand test, EG experimental group, CG control group.
aPaired t-test was significant at P < 0.05.
bIndependent t-test was significant at P < 0.05.

Table 3. Timed up and go test.

TUG test (unit: seconds) Post-Pre mean difference P (within group) P (between groups) Effect size

EG Pre 23.15 ± 4.06 8.68 0.01a 0.04b 0.423

Post 14.47 ± 4.37

CG Pre 22.31 ± 3.21 7.00 0.02a

Post 15.31 ± 4.68

Mean ± SD.
TUG timed up and go, EG experimental group, CG control group.
aPaired t-test was significant at P < 0.05.
bIndependent t-test was significant at P < 0.05.

Table 4. 10m walking test (10MWT).

10MWT (unit: second) Post-Pre mean difference P (within group) P (between groups) Effect size

EG Pre 47.25 ± 5.22 13.75 0.01a 0.03b 0.606

Post 33.50 ± 4.68

CG Pre 45.85 ± 5.86 9.45 0.02a

Post 36.40 ± 8.66

Mean ± SD.
10MWT 10 m walking test, EG experimental group, CG control group.
aPaired t-test was significant at P < 0.05.
bIndependent t-test was significant at P < 0.05.
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help from experts and exercised while following verbal directions
that were given to guarantee their safety. Thus, the results can be
interpreted such that the difference between the groups was due
to differences in the level of immersion and the audiovisual stimuli
provided by the VR system. VR technologies provide users with
specific stimuli that contribute to the creation of an environment
that attracts users and helps them concentrate without distrac-
tions. Intrinsic and extrinsic motivational mechanisms are also
provided by VR technologies [26]. Furthermore, an immersive and
interactive VR system prompts users to develop their imagination.
Therefore, this treatment method enables patients to concentrate
on their treatment longer than they could when traditional
treatments are used [27].
According to the study by Sternad [28], limitations that arise

from more complicated technical challenges can be overcome
with virtual environments because they permit experimenters to
control the physics of an object so that it can be rendered and
confined exactly to the variables and parameters under analysis. In
addition, the result of a brainwave test using VR technologies
showed increased activation of the posterior cingulate cortex,
which is involved in emotions such as joy and interest [28]. Virtual
environments improve one’s motor abilities by activating motor
areas [29], which leads to extraordinarily increased activation of
brain regions associated with sensory perception [29]. VR has been
found to be effective in relieving depression in participants with
SCI and in motivating them to express their emotions comfortably
[29]. In addition, VR training improves balance, spatial orientation
capacity, and motor skills by activating the prefrontal, parietal, and
motor cortices and other cortical networks and by inducing the
reorganization of neurons in the cerebral cortex [29]. Studies have
found that VR increased the oxygen levels in the prefrontal cortex
during a series of gradual balance trainings [26]. A multimodal
sensory stimulus causes neural bombing on the damaged spinal
cord to elicit neurophysiological and structural reorganizations of
the relevant pathways [30, 31].
The VR content used in this study was developed to reduce the

role of the therapist in rehabilitation processes for participants
with incomplete SCI. The content induced the active participation
of the participants in rehabilitation exercises, which improved
quadriceps muscle performance and patient performance in
activities of daily living [28]. In this study, the effects of the virtual
environment on psychological aspects and the differences in
performance levels in rehabilitation processes that resulted from
these effects were not thoroughly investigated because the
testing conducted in the study mainly focused on improvements
in quadriceps femoris muscle performance and patient perfor-
mance in activities of daily living after the intervention. In previous
review studies, all the studies that analyzed the effects of VR

interventions on functional performance and balance obtained
significant results in outcome measures. It should be emphasized
that the positive results obtained in the present study could have
an impact on clinical neurorehabilitation, as the participants with
SCI usually presented severe limitations in their participation and
performance of activities of daily living. Furthermore, the inclusion
of VR interventions in clinical practice could improve patient
motivation and treatment adherence and performance in different
activities in safe virtual environments and provide feedback and
task-oriented training [32, 33]. However, psychological factors,
which affect the level of immersion of participants with
incomplete SCI in virtual environments, and their effects have
not been sufficiently studied. Therefore, additional studies are
required to analyze the rehabilitation process using VR content
and psychological factors. In addition, if methods such as
electromyography were adopted, differences in the level of
quadriceps muscle activation and the effects of VR content on
patient rehabilitation could be better understood. VR is a useful
tool for health-care providers to assess and provide health services
to their patients, but its application as a therapeutic tool for
patients with incomplete SCI of International Standards for
Neurological Classification of SCI grade C to D is still limited.
Several limitations of the present research should be con-

sidered in future investigations. One of the main limitations is
that although we extensively measured the patients’ performance
parameters in the CST, TUG test, and 10MWT, the underpinning
mechanism of neuroplasticity changes was not investigated
because of the lack of quantitative measuring equipment
for assessing neuroplasticity. Future studies should develop
advanced imaging tools for measuring VR-induced neuroplasti-
city changes during and after VR training in participants with
SCI. Another limitation is that although the present results
are promising, they should be interpreted with caution when
extrapolating the present findings to clinical practice and to the
management of patients with SCI undergoing rehabilitation
because of the small sample size. Nevertheless, the results of
our effect size analyses and the accumulated results of the VR
rehabilitation in the participants with SCI indicate that consistent
use of VR intervention demonstrated advantageous effects on
gait, balance, and kick speed. In addition, further clinical research
is warranted to investigate possible multifactorial interventions
for cardiopulmonary function, depression, and motor function in
patients with SCI.

CONCLUSION
This clinical research study demonstrated that VR rehabilitation
was more effective than rehabilitation without VR content for
improving balance, gait function, and kick speed in the
participants who were recovering from incomplete SCI. The
present results provide clinical evidence-based insights into
the utilization of VR technology to maximize the recovery of the
balance, gait function, and kick speed of patients with incomplete
SCI during neurorehabilitation.

DATA AVAILABILITY
The datasets generated and/or analyzed in the present study are available from the
corresponding author on reasonable request.
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