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Virtual reality skateboarding training D
for balance and functional performance
in degenerative lumbar spine disease
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Abstract

Background Degenerative lumbar spine disease (DLD) is a prevalent condition in middle-aged and elderly
individuals. DLD frequently results in pain, muscle weakness, and motor impairment, which affect postural stability
and functional performance in daily activities. Simulated skateboarding training could enable patients with DLD to
engage in exercise with less pain and focus on single-leg weight-bearing. The purpose of this study was to investigate
the effects of virtual reality (VR) skateboarding training on balance and functional performance in patients with DLD.

Methods Fourteen patients with DLD and 21 age-matched healthy individuals completed a 6-week program of VR
skateboarding training. The motion capture and force platform systems were synchronized to collect data during a
single-leg stance test (SLST). Musculoskeletal simulation was utilized to calculate muscle force based on the data. Four
functional performance tests were conducted to evaluate the improvement after the training. A Visual Analogue Scale
(VAS) was also employed for pain assessment.

Results After the training, pain intensity significantly decreased in patients with DLD (p=0.024). Before the training,
patients with DLD took longer than healthy individuals on the five times sit-to-stand test (p=0.024). After the training,
no significant between-group differences were observed in any of the functional performance tests (p>0.05). In
balance, patients with DLD were similar to healthy individuals after the training, except that the mean frequency
(p=0.014) was higher. Patients with DLD initially had higher biceps femoris force demands (p=0.028) but shifted to
increased gluteus maximus demand after the training (p=0.037). Gluteus medius strength significantly improved in
patients with DLD (p=0.039), while healthy individuals showed consistent muscle force (p>0.05).

Conclusion This is the first study to apply the novel VR skateboarding training to patients with DLD. VR skateboarding
training enabled patients with DLD to achieve the training effects in a posture that relieves lumbar spine pressure. The
results also emphasized the significant benefits to patients with DLD, such as reduced pain, enhanced balance, and
improved muscle performance.
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Background

Degenerative lumbar spine disease (DLD) is a common
musculoskeletal disorder in older adults [1]. DLD repre-
sents a progressive degenerative condition encompassing
spondylolisthesis, lumbar spinal stenosis, and disc degen-
eration [2]. Globally, an estimated 2.66 billion individuals
are affected by DLD [3, 4]. DLD typically presents with
various clinical symptoms such as lower back pain, mus-
cle weakness, and paresthesia, which result from nerve
root compression [2, 3]. Moreover, balance impairments
have been identified in 40-65% of patients with DLD
[5, 6] and correlate with walking difficulties and disabil-
ity. Additionally, patients with DLD often score lower in
balance assessments and are at increased risk of falls [7].
All these factors significantly impact the quality of life of
patients with DLD [8].

Maintaining balance in daily activities requires the inte-
gration of sensory inputs from the visual, vestibular, and
somatosensory systems, as well as motor outputs from
the musculoskeletal system [9-11]. Patients with DLD
display a reduced sense of body position, possibly from
abnormalities in paraspinal muscle spindle afference and
the processing of central sensory inputs [12]. Research
indicates that impaired lumbosacral proprioception con-
tributes to the decline in upright balance among patients
with DLD [12, 13]. This altered balance control leads to
an increased reliance on ankle proprioception [13]. Addi-
tionally, changes in biomechanical characteristics, such
as increased sway in the center of pressure (CoP), cor-
relate with compromised balance and suboptimal per-
formance in daily activities [14, 15]. Restricting pelvic
movement may serve as a compensatory mechanism for
spinal instability and slow walking [6, 14, 16, 17]. Con-
sequently, a thoughtfully designed exercise training pro-
gram targeting improved balance recovery is imperative
for enhancing the quality of life of patients with DLD
[18].

The “shopping cart sign,” resembling the action of hold-
ing a shopping cart handle, indicates an expanded space
in the spinal canal due to the forward flexion posture
adopted by patients with DLD. This posture provides sig-
nificant relief from nerve root compression and associ-
ated pain during movement [19]. Additionally, research
has highlighted the advantages of incorporating trunk
and core muscle group strengthening training in the
rehabilitation of patients with chronic lower back pain,
leading to improvements in both rehabilitation and bal-
ance [20, 21]. Hence, exercise training programs tailored
to patients with DLD should integrate these essential
elements.

The skateboard exercise training designed in this study,
combined with supporting handrails, corresponds to
the previously identified movement elements suitable
for patients with DLD. Skateboarding also improves
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coordination and balance, for it requires synchronous
engagement of the entire body with muscular and visual
input [22]. Furthermore, unlike walking, skateboarding
enhances balance compared to walking by promoting
greater trunk and hip flexion, activating the knee exten-
sor muscles, and shifting weight onto the supporting
leg [23]. As a result, the primary benefits of skateboard
training for patients with DLD include (1) engagement in
exercise training in a less painful posture, and (2) a focus
on single-leg weight-bearing.

Virtual Reality (VR) integrates multisensory stimuli,
including visual, auditory, and somatosensory systems
[24]. It also enhances participants’ motivation, engage-
ment, and attention, so it is finding wide use in clini-
cal applications. Furthermore, related studies have
demonstrated that VR can improve pain management
and enhance muscle and balance performance [23,
25-29].

The design of VR skateboarding training [23] not only
incorporates unilateral limb training but also theoreti-
cally aligns with the activity needs of patients with DLD.
We hypothesized that the balance and muscle perfor-
mance of patients with DLD could be improved through
this novel VR skateboarding training. Nevertheless, this
novel approach to exercise training has not been applied
to individuals with Degenerative Lumbar Disease (DLD).
This study sought to assess the impact of exercise train-
ing on DLD patients by conducting a comparative analy-
sis with healthy individuals of the same age group.

Methods

Participants

A pretest—posttest experimental design was employed
in this study to compare the effects of the exercise train-
ing on patients with DLD to those in an age-matched
group of healthy individuals. The study included 14 par-
ticipants in the DLD group and 21 participants in the
healthy control (HC) group. Table 1 outlines the criteria
for both inclusion and exclusion of participants. Every
participant gave their informed consent, and the National
Taiwan University Hospital’s Institutional Review Board
granted approval for the study (Unique Protocol ID:
202003149RINC) and registered at Clinical Trials.gov (ID:
NCT05375201).

VR skateboarding system

VR technology was utilized by integrating Unity3D soft-
ware (version 5.3.2, San Francisco, USA), a VR head-
mounted display (VR HMD), and motion trackers (HTC
VIVE, HTC Corporation, New Taipei City, Taiwan). The
VR setup was also combined with a split-belt treadmill
(QQ-mill, Motekforce Link, Netherlands) and simulated
an urban street environment. The skateboard was posi-
tioned on the non-moving part of the treadmill, and the
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Table 1 Inclusion and exclusion criteria

DLD group HC group
Inclusion (1) A confirmed diagnosis of DLSD based (1) Absence
criteria on imaging. of any
(2) Age between 50 and 80 years. symptoms
(3) Capability to stand and walk indepen- such as back
dently for at least 5 min. pain, muscle
weakness, or
numbness.
(2) Age
between 50
and 80 years.
Exclusion (1) A history of prior lumbar surgery.
criteria (2) Diagnosis of metabolic diseases such as diabetes

mellitus.

(3) Suffering from vestibular diseases like Meniere’s disease.
(4) Presence of neurological disorders like stroke or spinal
cord injuries.

DLD group, patients diagnosed with degenerative lumbar spine disease; HC
group, age-matched healthy control group

moving belt’s speed was set to a pace comfortable for the
user (Fig. 1). The wheels of the skateboard were securely
immobilized on the treadmill’s stationary belt for safety
reasons, and waist-level handrails were provided for sup-
port during the VR skateboarding training. This training
followed the design proposed in a previous study [23].

Procedure and training program

The study protocol is depicted in Fig. 2. Both groups
participated in a 6-week training session [23, 30], with
assessments one week before and after the training.
Participants slid one leg at a comfortable speed on the
moving belt [31] while maintaining the other leg on the
skateboard for one minute before switching legs. Inter-
vals of rest were provided between leg switching. Each
leg was trained for ten repetitions. Hence, the complete
VR-skateboard training session lasted about 30 min.

Fig. 1 The experimental setup of the VR skateboarding system

(2024) 21:74

Split-belt treadmill

Page 3 of 11

Assessments and data analysis

The collected data included demographic information
and assessments of both functional and balance perfor-
mance. In addition, for patients with DLD, we utilized the
Visual Analogue Scale (VAS) to assess pain intensity from
the patient’s perspective [32]. Evaluating the minimum
clinically important difference (MCID) achievement pro-
vides a more reliable and valid method, assessed by com-
paring VAS pre-training and post-training differences
with established values in relevant literature (MCID of
VAS=2.00) [33].

Functional performance assessments

The functional performance assessments included the
10-meter walk test (IOMWT), Six-minute walk test
(6MWT), Five times sit-to-stand test (5STS), and Timed
up and go test (TUG) [34—37]. These tests were used
to measure walking speed (m/s), mobility (distance:
meters), lower extremity muscle power (duration: sec-
onds), and fall risk (duration: seconds), respectively.
Additionally, MCID attainment for functional perfor-
mance assessments was assessed by comparing pre-
training and post-training differences within each group
to established literature values (100MWT, MCID=0.15;
6MWT, MCID=0.10; 5STS, MCID=3.70; and TUG,
MCID=2.10) [38-40].

Balance performance assessments

As an assessment of postural balance performance,
we used the frequently utilized single-leg stance test
(SLST) (duration: 30 s) [27]. A 3D motion capture sys-
tem (120 Hz; Vicon ver. 2.5, Oxford Metrics Ltd., OX,
UK) and a force platform (960 Hz; AMTI OR6, Advanced
Medical Technology Inc., MA, USA) were employed
synchronously to obtain biomechanical characteristics

Motion trackers
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Patients with DLD and healthy elderly
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Fig. 2 The flowchart of the study protocol

as kinematic and kinetic data for the subsequent analy-
sis of CoP and simulation of muscle force. The data were
filtered with a second-order low-pass Butterworth filter
with a cutoff frequency of 10 Hz [41] using a custom pro-
gram developed in MATLAB R2020a software (Math-
Works, Natick, MA, USA).

The data from the force platform were used to calculate
the CoP in the x-axis (cm) (Eq. 1) and y-axis (cm) (Eq. 2),
as well as the resultant CoP (cm) (Eq. 3) [42—44].

CoP, — Moment, +(Force, x Distance,)

1)

Force,

where CoP, is the center of pressure on the x-axis,
Moment, is the moment on the y-axis, Force, is the force
on the x-axis, Distance, is to the distance on the z-axis,
and Force, is the force on the z-axis.

Momenty+(Force, x Distance,)

CoP, = (2)

Force,

where CoP, is the center of pressure on the y-axis,
Moment, is the moment on the x-axis, Force, is the force
on the y-axis, Distance, is to the distance on the z-axis,
and Force, is the force on the z-axis.

CoPgp = \/ (CoP,)’ + (CoP,)* 3)

where CoPyj, is the resultant center of pressure, CoP, is
the center of pressure on the x-axis, and CoP, is the cen-
ter of pressure on the y-axis.

30 mins / time
Twice / week
for 6 weeks

2" Assessment

The CoP,, CoP,, and CoPy, were then used to calculate
the following parameters:

(I)Mean distance (MDIST) (cm), which is the average
distance from the center point, as defined in Eq. 4.

1 N
MDIST = ﬁznzl |CoPgp, | (4)

where MDIST is the mean distance and CoPyy, is the
resultant center of pressure.

(2) Mean distance in anteroposterior direction
(MDIST AP) (cm), which is the average distance
from the center point in anteroposterior direction, as

MDISTAP — —S™" |CoP, |
defined in Eq. 5. - Nzn:1 oFxn )

where MDIST AP is the mean distance in anteroposte-
rior direction and CoP, is the center of pressure on the
X-axis.

(3)Mean distance in mediolateral direction (MDIST
ML) (cm), which is the average distance from the
center point in mediolateral direction, as defined in

1 N
Eq.6. MDISTML = ﬁznzl |CoP,, | (6)

where MDIST ML is the mean distance in mediolateral
direction and CoP, is the center of pressure on the y-axis.
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(4)Mean velocity (MVELO) (cm/sec), which is the

postural sway velocity, as defined in Eq. 7.

TotalExcursion
MVELO = 7
TotalTime @)

where MVELO is the mean velocity of the resultant cen-
ter of pressure, Total Excursion is the summation of the
resultant center of pressure trajectory, and Total Time is
the duration of the postural balance test.

(5) mean frequency (MFREQ) (Hz), which is
the postural oscillation, as defined in Eq. 8.

N
MFREQ — 201 % Pi

(®)
zioPi

where MFREQ is the mean frequency of the resultant
center of pressure, f; is the frequency at each interval of
the resultant center of pressure trajectory, and P; is the
corresponding power of the signal at that frequency
interval.

(6) 95% confidence ellipse area (AREA-CE)
(cm?), which is the postural sway ellipse area with

95% confidence intervals, as defined in Eq. 9.
AREA — CE = n x MDISTAP x MDISTML (9)

(A)
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where AREA-CE is the 95% confidence ellipse area of the
postural balance test, i is pi, MDIST AP is the mean dis-
tance in anteroposterior direction, and MDIST ML is the
mean distance in mediolateral direction.

F Furthermore, as shown in Fig. 3, the marker trajec-
tory and raw data from the force plate were exported to
the musculoskeletal simulation system (AnyBody mod-
eling system ver. 7.4.2, AnyBody Technology A/S, A,
Denmark) for muscle force computation. The musculo-
skeletal model employed in this study is accessible in the
AnyBody Managed Model Repository (AMMR) provided
by AnyBody, with the specific use of the Twente Lower
Extremity Model (TLEM-version 2.1) [45]. This musculo-
skeletal model was scaled and implemented following the
data processing protocol outlined in previous studies [46,
47]. Following this, the forces exerted by the activated
muscles were calculated and exported, resulting in the
acquisition of the normalized mean muscle forces (N/kg)
for the gluteus maximus/medius, rectus femoris, biceps
femoris, tibialis anterior, and gastrocnemius.

Statistical analysis

SPSS version 23.0 software (SPSS Inc., Chicago, IL, USA)
was used for statistical analyses, with a significance «
level of 0.05. The normality of all variables was evaluated
using the Shapiro-Wilk test, which revealed non-normal

Fig. 3 The musculoskeletal simulation of one patient diagnosed with degenerative lumbar spine disease during left single-leg stance task. (A) Anterior

view and (B) Posterior view
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Table 2 Demographic information
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DLD group HC group p value

No. of participants 14 21

Sex (male/female) 6/8 5/16 0.241
Age (years) 64.14+7.81 62.62+6.98 0.543
Height (cm) 163.31+£888  160.38+6.81 0.345
Weight (kg) 64.87+£14.48 62.33+£10.54 0613
Body mass index (kg/mz) 24224145 24.14+3.08 0814
Leg dominant (left/right) 0/14 0/21

Values are presented as meanztstandard deviation or numbers. DLD group,
patients diagnosed with degenerative lumbar spine disease; HC group, age-
matched healthy control group

distribution. In the SLST test, the Wilcoxon signed-rank
test was used to determine whether there were differ-
ences between the left and right foot. Consequently,
comparisons of all variables between groups before and
after the training were conducted using the Mann-Whit-
ney U test. The Wilcoxon signed-rank test was used to
examine changes within each group from pre-training to
post-training.
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Results

A total of 14 participants diagnosed with DLD (6 males
and 8 females) and 21 healthy control participants (5
males and 16 females) were enrolled. Table 2 shows
demographic information for both groups. The VAS
scores for the DLD group before and after the training
were 4.93+1.54 and 2.14%2.03, respectively, showing
a significant decrease in pain scores after the training
(p=0.024). Additionally, 78.57% of participants in the
DLD group achieved the MCID for VAS [33]. This indi-
cates an improvement in pain intensity after the exercise
training.

Functional performance assessments

The results of the IOMWT, 6MWT, 5STS, and TUG are
presented in Fig. 4. Before the training, the DLD group
required more time to complete the 5STS test, exhibit-
ing significantly worse performance compared to the
HC group (p=0.024). After the training, however, no
significant differences were observed in any of the func-
tional assessments between the two groups (p>0.05).
This suggests that the performances of the DLD and HC

Six-minute walk test
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Fig. 4 The results of functional performance assessments. Values are presented as mean + standard deviation. ", p<0.05; ~, p<0.01
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groups were similar after the training. When examining
within-group comparisons, the DLD group exhibited
significant improvements in all functional assessments
after the training (1I0MW'T, p=0.010; 6MWT, p=0.008;
5STS, p=0.001; and TUG, p=0.001). Additionally, in the
DLD group, the proportions of participants achieving the
MCID in the four functional assessments were as follows:
10MWT: 35.71%; 6MWT: 71.43%; 5STS: 50.00%; and
TUG: 42.86% [38—40]. In contrast, the HC group showed
significant improvements only in the I0MWT and TUG
tests after the training (p=0.006 and 0.011, respectively).
Furthermore, in the HC group, the proportions of partic-
ipants achieving the MCID in the four functional assess-
ments were as follows: 10MWT: 38.10%; 6MW T: 42.86%;
5STS: 9.52%; and TUG: 23.81% [38—40].

Balance performance assessment

The statistical results showed no significant changes
in kinetic parameters between the left and right foot in
either group, which is similar to Hoffman et al’s [48] find-
ings in healthy individuals. As a result, the data regularly
chosen for analysis represented the non-dominant foot
(which acted as the supporting foot) as the reference for
subsequent between-group and within-group statistical
analyses.

Kinetic data

The statistical results on CoP are listed in Table 3. In the
between-group comparison of CoP, we observed that all
parameter values in the DLD group were significantly
higher than those in the HC group before the training
(p<0.05), except for mean frequency (p=0.014). This
observation indicates that the disease had an impact on
the balance performance of the DLD group. After the
training, there were no significant differences between
the two groups in mean distance, mean AP distance,
mean ML distance or AREA (p=0.069, 0.706, 0.088
and 0.690, respectively). While a significant difference
in mean velocity remained, the value showed a positive
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trend in the HC group. This suggests that the DLD and
HC groups had similar performances in these aspects
after the training.

However, there was a significant between-group differ-
ence in mean frequency due to an increase in values in
the DLD group (p=0.014). In the within-group compar-
ison, apart from the increase in mean frequency values
(p=0.037) in the DLD group, all other parameter values
significantly decreased after the training (p<0.05). In
contrast, the HC group showed significant decreases only
in mean distance after the training (p=0.029). The DLD
group exhibited greater improvements than did the HC

group.

Muscle force

The statistical results of normalized muscle force are pre-
sented in Table 4. In the between-group comparisons,
we found that during the SLST, the DLD group required
more muscle force in the biceps femoris to maintain
balance than the HC group did (p=0.028), while the
performances of other muscle groups exhibited simi-
lar patterns before the training. After the training, there
were no significant differences between the two groups
in parameters (p>0.05), indicating comparable muscle
performance in the DLD group. The only exception was
that the DLD group exhibited a greater need for gluteus
maximus strength to maintain balance during the SLST
(p=0.037).

In the within-group comparisons, the DLD group
showed a significant increase in muscle strength in the
gluteus medius (p=0.039), suggesting a slight alteration
in muscle force pattern after the training. However, the
HC group showed no significant differences in muscle
force after the training (p>0.05).

Discussion

Exercise training that improves balance and muscle per-
formance is essential for patients with DLD. This was the
first study to integrate VR and skateboarding for exercise

Table 3 Center of pressure in supporting leg during single-leg stance test

DLD group (N=14)

HC group (N=21)

p value

Pre-training  Post-training Pre-training Post-training Between-group Within-group
Pre-training Post-training DLD group HCgroup

Mean distance (cm) 068 +0.14 0.56 +0.12 0.53+0.13 049+0.11 0007 0.069 0.003" 0.029"
Mean AP distance 0.75+0.19 0.56+0.13 0.62+0.26 0.59+0.18 0.033" 0.706 0.003" 0.670
(cm)

Mean ML distance 0.64 +0.14 0.56 +0.10 0.50+0.10 049 +0.11 0.003" 0.088 0013 0.897
(cm)

Mean velocity (cm/ 3744113 3184083 2494063 2354077 0.003" 0021" 0.008™ 0.201
sec)

Mean frequency (Hz) 061 +0.14 071+0.13 0.54+0.18 0.57+0.18 0.184 0014 0.037" 0.133
AREA (cm?) 5892+2690 3470+1332 358142294 3186+1260 0006 0.690 0.003" 0407

Values are presented as mean £ standard deviation. DLD group, patients diagnosed with degenerative lumbar spine disease; HC group, age-matched healthy control
group; AP, in anteroposterior direction; ML, in mediolateral direction; AREA, 95% confidence ellipse area; ", p<0.05; ", p<0.01
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Table 4 Muscle force in supporting leg during single-leg stance test
Muscle force (N/Kg) DLD group (N=14) HC group (N=21) p value

Pre-training  Post-training  Pre-training  Post-training  Between-group Within-group

Pre-training Post-training DLD group  HC group

Gluteus maximus 163+ 1.27 1.56 £ 0.84 1.19+£1.16 091 +0.94 0423 0037 0917 0.744
Gluteus medius 11.08 £2.92 13.50£4.70 1245 £4.69 12.58 £4.02 0447 0.548 0.039" 0.845
Rectus femoris 059+1.16 1.17+£286 0.56 +0.82 071£131 0.603 0.603 0345 0.500
Biceps femoris 247 £1.95 263 +267 1.06 £ 154 1.09+£1.34 0028 0.230 0.650 0.879
Tibialis anterior 040 +£1.08 0.65 £ 2.05 1.77 £2.60 124 £2.03 0317 0.719 0.814 0.112
Gastrocnemius 9.12+6.77 9.23£3.90 1264 +£567 1295+652 0.078 0.093 0.600 0.647

Values are presented as mean = standard deviation. DLD group, patients diagnosed with degenerative lumbar spine disease; HC group, age-matched healthy control

group; ", p<0.05

training in patients with DLD. Based on the results of
VAS, it can be observed that the majority of DLD patients
experienced a reduction in pain after training, reaching
the MCID [33]. In addition, we conducted a quantitative
analysis of the outcomes to determine the effectiveness of
the training.

Before the training, the results of the 5STS indicated
that the patients with DLD exhibited lower extremity
muscle power than that of healthy individuals. Regard-
ing demographic information, both the DLD and HC
groups showed no difference in age. This functional per-
formance assessment requires demands a high level of
agility to perform it as quickly as possible [49]. Due to the
DLD condition, patients may experience delayed recruit-
ment of deep trunk muscle activation, as well as impaired
lower limb power, both of which can impact their perfor-
mance on the task [50-52]. This indicates that patients
with DLD require training to enhance lower limb muscle
strength. After training, the leg muscle power of patients
improved to the same level as healthy individuals.

The 10MWT and TUG revealed no significant differ-
ences, as they only required participants to perform at
their usual levels of effort. The 6MWT may be equally
challenging for healthy individuals, making it difficult to
distinguish differences between the two groups. There-
fore, the 5STS test is recommended for clinical compari-
sons between individuals with and without DLD.

After the training, no significant differences were
observed in all functional performance between the two
groups, indicating that the patients with DLD, through
training, reached the same level as trained healthy indi-
viduals. This suggests a positive training outcome. The
within-group results also support the aforementioned
points. The patients with DLD demonstrated significant
improvements in all functional performance, i.e., walking
speed, mobility, and lower extremity muscle power, along
with a reduced risk of falling. Furthermore, 5STS and
6MWT achieved MCID by half to the majority of par-
ticipants, further supporting the training’s benefits [38,
39]. In comparison, healthy individuals showed improve-
ments only in walking speed and reducing the risk of

falling. This suggests that the intervention had more
comprehensive training effects on patients with DLD
compared to healthy individuals. Additionally, only a
small number of healthy individuals achieved the MCID
for each assessment [38—40].

The results of the balance test produced several note-
worthy findings related to performance in the SLST with
the supporting foot (left foot). Many studies utilized cen-
ter of pressure characteristics to assess postural stability
during quiet standing [53]. Except for mean frequency;, all
parameters linked to postural sway consistently indicated
worse balance performance in the patients with DLD
than in healthy individuals, both in the overall trajectory
and in distinct directions before the training. Increased
sway or displacement of the CoP is associated with
impaired balance and functional performance [54]. These
findings imply that effective balance training is indeed
necessary for patients with DLD.

Mean distance, mean AP distance, mean ML distance,
and AREA showed no differences after the training, indi-
cating that the patients with DLD approached the stabil-
ity of healthy individuals in all directions and overall sway
range. This may be attributed to the fact that skateboard-
ing primarily involves dynamic movements in anteropos-
terior direction, including body propulsion and moving
the foot forward or backward, combined with the visual
stimuli of VR progression, thus enhancing training in
anteroposterior stability. Our previous research findings
support greater hip flexion and ankle dorsiflexion [23],
which may contribute to forward and backward move-
ment stability. Moreover, the training may require regu-
lation of the left-right movement of the skateboard and
contribute to the enhancement of lateral stability.

Considering the results within each group, it is evident
that the patients with DLD exhibited improvements in
balance in various directions after the training. These
changes signified enhancement of their balance ability
abilities and supported the presence of positive training
benefits. However, the healthy individuals showed quan-
tifiable reductions only in mean distance after the train-
ing, indicating that their balance ability remained stable
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in general. The overall results on CoP positively sup-
ported the argument for training benefits, particularly for
patients with DLD.

Due to the improvement shown in all parameters but
mean frequency, we believe that the patients with DLD
may have shifted their balance strategy toward greater
reliance on ankle proprioceptive control [13]. This adjust-
ment could be due to the instability experienced while
standing on a skateboard, which may tilt unpredictably.
The instability of the skateboard could lead patients with
DLD to rely more on ankle proprioception to maintain
balance. Consequently, the patients with DLD increased
the frequency of adjustments to maintain balance within
a reduced range of sway. Fast coordination, as suggested
by Suzuki et al. [55], is a crucial issue in maintaining a
standing balancing task. In this regard, we conclude that
the patients with DLD improved their rapid adjustment
abilities after the training.

Musculoskeletal modeling is an approach that inte-
grates detailed human trajectories obtained via motion
capture techniques to calculate both kinetic data and
muscle forces during dynamic functional tasks [56—58].
The AnyBody musculoskeletal simulation has been
widely utilized for understanding muscle forces in vari-
ous activities [46, 47, 56, 59], and using marker data from
the kinematic model to drive the musculoskeletal model
segments has been validated and recognized for its high
reliability and precision [60]. In our study, we further
employed musculoskeletal modeling to conduct inverse
dynamics analysis to evaluate muscle force performance
during the SLST. Comparisons between and within
groups revealed similar patterns. However, a notable
finding was that patients with DLD required the utiliza-
tion of more biceps femoris force before the training than
did the healthy individuals. Interestingly, after the train-
ing, patients with DLD utilized more gluteus maximus to
maintain stability compared to healthy individuals. Fur-
thermore, it was observed that the force generated by the
gluteus medius increased in patients with DLD after the
training.

Our interpretation of these findings is that patients
with DLD had inferior balance performance [12, 13] and
muscle weakness in the gluteus medius [61] before the
training. They needed to employ more biceps femoris
force to compensate. However, after the training, there
was a shift toward the increased utilization of the gluteus
medius and gluteus maximus forces to maintain stabil-
ity during the SLST. This suggests that the training had
an impact on the muscle force distribution and balance
in the patients with DLD, thereby increasing the involve-
ment of muscles in the proximal regions of the body.

From a clinical perspective, the results strongly sup-
port the benefits of the skateboard training for patients
with DLD due to its focus on SLS and hip flexion in a
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flexed posture with hands supporting. These specific
movements could be adjusted to meet the specific needs
of patients with DLD, potentially leading to improve-
ments in pain relief, muscle performance, and balance.
As future customization can be performed based on the
individual needs and expectations of other user patients
or groups, the existing VR skateboarding settings may be
improved by modifying the training intensity or scenarios
to enhance functional performance and balance. While
we have demonstrated that this training can maintain or
even improve the performance of healthy individuals, it
is evident that this group is suitable for more challenging
and demanding training.

The most significant challenge in this study was the
difficulty in recruitment due to the ongoing COVID-19
pandemic. Another major limitation, as previously men-
tioned in our published work [23], was that handrails
may potentially dilute the true training effects. However,
due to safety considerations, especially that of clinical
patients with impaired balance function, the use of this
setup is still necessary.

Conclusions

This study demonstrates that patients with DLD exhib-
ited functional and balance deficiencies, emphasizing the
necessity for training interventions. It further shows that
the novel VR skateboarding exercise training provides
substantial advantages to patients with DLD, enhancing
their balance and muscular performance. The findings
emphasize the importance of tailored training interven-
tions for specific populations to enhance their functional
and balance abilities and thereby reduce the need for sur-
gery and their economic burdens while enhancing overall
quality of life.

Abbreviations

DLD Degenerative lumbar spine disease

VR Virtual reality

SLST single-leg stance test

VAS Visual analogue scale

CoP Center of pressure
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