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Abstract
Background: Exergaming has been proposed to improve gait and balance disorders in 
Parkinson's disease (PD) patients. We aimed to assess the efficacy of a home-based, tai-
lored, exergaming training system designed for PD patients with dopa-resistant gait and/
or balance disorders in a controlled randomized trial.
Methods: We recruited PD patients with dopa-resistant gait and/or balance disorders. 
Patients were randomly assigned (1:1 ratio) to receive 18 training sessions at home by 
playing a tailored exergame with full-body movements using a motion capture system 
(Active group), or by playing the same game with the computer's keyboard (Control 
group). The primary endpoint was the between-group difference in the Stand-Walk-Sit 
Test (SWST) duration change after training. Secondary outcomes included parkinsonian 
clinical scales, gait recordings, and safety.
Results: Fifty PD patients were enrolled and randomized. After training, no significant 
difference in SWST change was found between groups (mean change SWST duration 
[SD] −3.71 [18.06] s after Active versus −0.71 [3.41] s after Control training, p = 0.61). 
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INTRODUC TION

Gait and balance disorders are common and represent the main 
motor disabilities in Parkinson's disease (PD) [1, 2]. With time, these 
axial motor signs deteriorate, and freezing of gait (FOG) and falls 
occur [2, 3]. These signs become unresponsive to dopaminergic 
agents or deep brain stimulation [1], imposing a significant burden 
on patients and families and impaired quality of life, and leading to 
increased morbidity and mortality rates, and healthcare costs [3, 4].

Physiotherapy is a non-pharmacological treatment including dif-
ferent modalities such as progressive resistance training, treadmill 
training, cueing and cognitive techniques, aerobic exercise, dance, 
or martial arts [5, 6]. Given the progressive worsening of PD, phys-
iotherapy needs to be maintained over prolonged periods of time 
[6, 7]. However, long-term compliance represents a major challenge, 
due for example to the travel burden and the monotonous and ge-
neric training content. Virtual reality and exergaming have emerged 
as novel rehabilitation methods using enriched immersive and non-
immersive environments, with comparable results to traditional 
physiotherapy if combined with exercise [8, 9], with the potential to 
make training more engaging and motivating, thus providing long-
term engagement [10]. Up to now, four randomized clinical trials 
have tested such training performed in hospitals or at home with 
the aim of improving PD motor signs. In one study, hospital-based 
treadmill training combined with virtual reality compared to tread-
mill training alone led to a greater reduction in the falls rate, with 
additional benefits on gait and balance performance [11, 12]. Three 
randomized controlled studies testing home-based commercial or 
custom-made exergaming training with physical activity training, 
with online supervision by a physiotherapist for two studies (telere-
habilitation), showed a good feasibility, with a possible benefit for 
gait and balance, but no superiority of exergaming combined training 
relative to control training [13–15]. Recently, home-based aerobic 
cycling combined with exergaming and online coaching was tested 
in de novo PD patients [16]. In this study, no significant aggrava-
tion of the PD motor symptoms (Off-dopa) was found after 6 months 
of aerobic cycling exergaming-combined training, while the control 
patients deteriorated (non-aerobic physical activity). However, no 

significant effect on gait, balance, or On-dopa motor disability was 
observed in either group [16].

These previous trials suggest that combining exergaming with 
home-based physical activity, enriched with remote coaching, may 
potentially attenuate PD motor disability. However, the evidence re-
mains insufficient to recommend in-home exergaming with concur-
rent physical activity to treat gait and balance disorders in advanced 
stages of PD [16]. Here, we aimed to evaluate the effects of a tai-
lored home-based exergaming (‘Toap Run’) [17] training combining 
virtual reality and physical activity, without supervision, to improve 
gait and balance disorders in PD, in a randomized controlled trial.

METHODS

Study design and patients

In this prospective, randomized, multicenter, controlled single-blind 
trial, we recruited PD patients from two hospitals: Brain and Spine 
Institute (Paris, France) and Radboud University Medical Centre 
(Nijmegen, The Netherlands). Eligible patients for inclusion were 
aged between 18 and 80 years, diagnosed with PD according to the 
UKPD Society Brain Bank, had gait and/or balance disorders unre-
sponsive to levodopa treatment (item 12 of the Movement Disor-
der Society-Unified Parkinson's Disease Scale (MDS-UPDRS) Part 
II, gait and balance ON-drug ≥1 and/or item 13-FOG ≥1) [18]. Ad-
ditional inclusion criteria included stable dopaminergic medication 
for at least 1 month prior to study enrolment, absence of medical 
conditions that could interfere with the research study, had agreed 
to participate, provided written informed consent, and affiliation to 
a social security scheme. Exclusion criteria were inability to stand or 
walk alone (Hoehn and Yahr stage 5), dementia (Mini-Mental State 
Examination [MMSE] <24) [19], and the presence of impulse control 
disorders (item 6, MDS-UPDRS Part I > 2) [18].

The study was performed in accordance with the Declaration of 
Helsinki and Good Clinical Practice guidelines and approved by the 
local ethics committee of both countries and recorded on Clini​calTr​
ials.gov (NCT03560089).

Some 32% of patients in the Active and 8% in the Control group were considered re-
sponders to the training program (e.g., SWST duration change ≥2 s, p = 0.03). The clinical 
severity of gait and balance disorders also significantly decreased after Active training, 
with a between-group difference in favor of the Active training (p = 0.0082). Home-based 
training induced no serious adverse events.
Conclusions: Home-based training using a tailored exergame can be performed safely by 
PD patients and could improve gait and balance disorders. Future research is needed to 
investigate the potential of exergaming.

K E Y W O R D S
exergaming, falls, gait disorders, Parkinson's disease, rehabilitation
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Randomization and masking

Patients were randomly assigned to receive either full-body-
controlled exergaming training (Active group) or gaming on a 
computer keyboard (Control group). Randomization was computer-
generated and based on random number blocks of four, with 2:2 
random ratio, with a location-based stratification factor. Allocation 
was automatically generated by the RedCap software®. The primary 
outcome measure, the Stand-Walk-Sit Test (SWST) time, was vide-
otaped and scored by an independent investigator unaware of the 
patients' group allocation.

Procedures

Patients had an assessment at inclusion (baseline), followed by ran-
domization to the Active training or Control group for 6–9 weeks 
(Figure  1, single-blind period). During this single-blind period, pa-
tients played with the videogame ‘Toap Run’ [17] designed to treat 
gait and balance disorders for PD patients, 2–3 times/week for a total 
of 18 sessions. The first two sessions took place at the institute, and 
the two following at home with a research assistant. Subsequently, 
patients played independently at home using a web-based platform 
(Curapy.com). Participants were allowed to contact the investigator 
by telephone if needed.

The Active training group played with full-body movements per-
formed upright in front of a RGB-D Kinect® motion sensor (Version 
2, Microsoft, USA). The motion sensor was placed below a television 
screen, positioned approximately 2 m in front of the patient. The 
Control group played seated with a keyboard without any physical 
efforts. The participants' movements (Active) or keyboard pushes 
(Control) induced the displacements of a small animal (the avatar) in 
real time, to gain points by collecting coins and avoiding obstacles 
(Methods in Appendix S1; Figure 2). For Active training, the required 
movements consisted of large amplitude and rapid movements of 
all four limbs, pelvis, and trunk, with lateral, vertical, and forward 

displacements of the legs, to reinforce foot lifting and postural con-
trol. Visual (schematic representation of movements) and auditory 
(rhythmic music) cues were used to encourage movements. Patients 
received real-time and online feedback while playing, in the form of 
an auditory or visual stimulus. In addition, their performance was 
graded at the end of each session.

The programme was divided into three phases of six sessions, 
with predetermined difficulty levels: easy, medium, and difficult 
(Figure 2). The session duration, number of movements, and success 
rate were automatically recorded, allowing the investigator to follow 
and individually tailor the game difficulty. Follow-up assessments 
were done after the 18th session (W6). At the end of this period, pa-
tients can continue (Active) or start (Control) active full-body move-
ment training sessions for a period of 3 months (Figure 3 open-label 
period), and a final follow-up assessment was performed (Post-M3).

Clinical assessments were done at each visit approximately 1 h 
after intake of the usual morning dopaminergic treatment (On-dopa). 
For participants included at the Brain Institute, gait parameters were 
also recorded using a force plate (0.9 × 1.8 m, AMT Inc., LG6–4-1) 
and a motion capture system (Vicon Nexus, Oxford Metrics, UK; 
Figure S1) [17].

Outcomes

The primary outcome measure was the between-group difference 
in the change in duration of the SWST between baseline and after 
18 training sessions (W6). The SWST is a functional mobility assess-
ment where patients are asked to stand up from sitting, walk 5 m at a 
comfortable speed, turn around 180°, walk back to the chair, and sit 
again while turning 180° [20].

Secondary outcomes consisted of the between-group differ-
ences for the changes between baseline and after training (W6), 
on the following scales: the MDS-UPDRS Part I (mental state), 
Part II (activities of daily living [ADL]), Part III (motor disability) 
that comprises the axial score (e.g., sum of the items 9-10-11-12 

F I G U R E  1 Flowchart of the study 
design.
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and 13: ‘arising from chair’, ‘gait’, ‘FOG’, ‘postural stability’, and 
‘posture’) and Part IV (dopaminergic-related complications) [18]; 
the Gait and Balance Scale Part B (GABS-B) [21]; the Tinetti gait 
and balance scores [22]; the New Freezing of Gait Questionnaire 
(NFOG-Q) [23]; the Activity-specific Balance Scale (ABC) [24]; 
the Montreal Cognitive Assessment (MoCA) [25]; the Hospital 
Anxiety and Depression Scale (HADS) [26]; and the Parkinson's 
Disease Questionnaire (PDQ-39) [27]. A falls diary was also com-
pleted once a week to assess falls frequency. We also assessed the 
changes in these scales and the SWST duration between baseline 
and Post-M3.

Adherence endpoints included the between-group differences in 
the number of sessions, duration, adherence (percentage of sessions 
performed relative to sessions programmed), and success rate (per-
centage of movements correctly executed). This was done thanks to 
the Kinect® system for the Active group and the computer for the 
Control group. The acceptability, competence, self-efficacy, usability, 
and difficulty of the exergame training were measured using Likert 
scales [28] after the first session, weekly, and after the last session.

Additional secondary outcomes for patients at the Brain Insti-
tute were the changes in the gait kinetic parameters between base-
line and W6, and between baseline and Post-M3 (see Appendix S1). 
It includes: (1) the anticipatory postural adjustments (APAs), double-
stance and single-stance phases duration, (2) the center of foot 
pressure (CoP) displacements during the APAs, (3) step length, gait 

speed, and cadence, and (4) gait asymmetry index, defined as the 
absolute value of gait cycle duration between left and right limbs. 
Higher displacements, length, speed and cadence, and lower du-
rations and gait asymmetry index indicate better gait and postural 
control (Figure S1) [17].

We also assessed the safety, and all adverse events were re-
corded. Any new symptom was classified as an adverse event and 
defined as serious if the patient required admission to hospital, if 
sequelae were present, or the clinician considered the event to be 
serious.

Statistical analysis

Our study was powered to show an effect of active exergame train-
ing on SWST duration after 18 sessions. In line with the published 
data regarding the estimated duration and effects of rehabilitation 
programmes on this test in PD patients [5, 29], we expected a de-
crease of 2 ± 1 s for the Active group and of 1 ± 1 s for the Control 
group. Assuming these values, a sample of 50 patients will allow a 
power of 90% (alpha = 5, Mann–Whitney Wilcoxon test). To account 
for premature dropouts, we planned to include up to 60 patients.

Analyses were done on an intention-to-treat basis in patients 
who completed the follow-up assessment, regardless of whether 
they completed the assigned intervention. Missing data for the 

F I G U R E  2 ‘Toap Run’ exergaming and training program. (a) Top to Bottom: ‘The Garden’, ‘The Mine’, and ‘The River’. The movements are 
schematically represented on the right side of the images, from top to bottom: arm extension, lateral shift, trunk lateral displacement with 
knee flexion, knee flexion/extension, trunk rotation with arm movements, and anteroposterior trunk movement. (b) The diagram represents 
the changes in the duration = x-axis-time in minutes (from 15 min for the first session S01 to 45 min for the last session S18) and gaming 
environments – garden in green, mine with steps in light orange, mine with lunge movements in dark-orange, and river in blue – for the two 
patient groups. The level of difficulty was also increased with time, from easy (one point) to difficult (three points), for each environment. 
The duration of training in each environment is shown in white numbers. The level of difficulty was defined according to the frequency of 
movements to be performed with three different rhythms: easy: 20 beats/min, medium: 30 beats/min, and difficult: 40 beats/min.
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primary outcome were imputed and the baseline duration of the 
SWST was used for a post-training session for missing post-training 
values (Post-W6). The primary and secondary outcomes were ana-
lyzed using nonparametric Mann–Whitney Wilcoxon rank tests. We 
employed Cliff's delta to assess the effect size of the differences 
between the two groups. It ranges from −1 to 1, with 0 indicating 
stochastic equality between the two groups. A value around ∣0.1∣ is 
considered a small effect, approximately ∣0.3∣ a medium effect, and 
around or exceeding ∣0.5∣ a large effect [30].

Additional analyses were done to compare (1) the number of pa-
tients with a change in the SWST duration of 2 s or more (considered 
responders) using Fisher's exact test and (2) the relationship be-
tween baseline characteristics, game parameters, and post-training 
severity of gait and balance disorders to identify potential predictors 
of good feasibility, adherence, and positive effects, using Pearson 
correlation tests. Corrected p-values <0.05 were considered sig-
nificant. All analyses were performed using R statistical software 
(R Core team [2021]. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
https://www.R-proje​ct.org/).

RESULTS

Cohort analysis

Between 18 July 2018 and 11 June 2021, we screened 176 po-
tential participants, 82 did not fulfil the inclusion criteria and 40 
refused to participate. Finally, 54 patients were included. Four 
patients were screen-failures (failing to meet inclusion criteria) 
and therefore not randomized (Figure  3). Fifty patients (25 in 
each center) were randomly assigned to either the Active training 
group (n = 25) or the Control group (n = 25). Due to the COVID-19 
pandemic, the assessment of the primary outcome could not be 
conducted at the hospital for three patients (one from the Active 
and two from the Control groups) and was instead performed via 
teleconsultation; and we were unable to replace the two patients 
(Active group) who left the study prematurely at their own request 
and were not evaluated after the 18th session. Baseline charac-
teristics of both patients' groups are shown in Table 1. We found 
no significant differences between groups at baseline (Mann–
Whitney test, all p-values >0.05; Table 1).

F I G U R E  3 CONSORT (Consolidated 
Standards of Reporting Trials) diagram.
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Adherence, game parameters, and success rate

We progressively increased the game duration, number of move-
ments, and movement frequency between the 1st and the 18th 
session (Figure 2). Both groups adhered and performed well in the 
training sessions, with a mean adherence, duration, and number of 
movements that did not differ between groups (Table 2). The move-
ment frequency and game performance were higher in the Control 
relative to the Active group (Figure 4, Table 2). Patients also reported 
high perceived levels of acceptability, competence, self-efficacy, and 
usability, with low difficulty, with no significant difference between 
groups or over time (Table S1).

Effects of home-based exergaming on Parkinsonian 
disability and gait and balance disorders

The changes in the SWST duration between baseline and after 18 
training sessions (Post-W6) did not differ significantly between 
groups (Figure 4 ; Table 1). Some 32% of patients in the Active group 
(n = 8) and 8% (n = 2) in the Control group were considered respond-
ers to the exergaming training (e.g., change in the SWST duration 
≥2 s, p = 0.03; Figure 4).

At the end of the randomized training period (W6), axial motor 
signs severity decreased in the Active group, with no significant 
change in the Control group resulting in a significant between-group 
mean difference of 1.24 (Table 1). In addition, a significant decrease 
in the GABS Part B score and increase in the Tinetti gait score were 
found in the Active group, with no significant change in the Control 
group, resulting in a non-significant between-group mean difference 
of 2.03 and 0.58, respectively (Table 1). Due to a significant amount 
of missing data from the falls diary, we assessed the falls rate using 
item 4 of the GABS and found no significant change after training 
(Table 1). For the Control group, we observed a significant decrease 
in the quality of life (SI-PDQ39) and HADS scores, with a significant 
between-group mean difference of 4.68 and 1.44, respectively 
(Table 1). We found no other significant difference between groups 
(Table 1).

In the Active group, we found a significant negative correla-
tion between the mean success rate during gaming and both the 
mean post-training SWST duration (r = −0.42, p = 0.034) and age 
(r = −0.48, p = 0. 015), with no other significant correlation (data 
not shown).

For gait parameters, at W6 relative to baseline, we found sig-
nificant decreases in APAs and double-stance durations, and asym-
metry index, and increases in CoP displacements, step length, gait 
speed, and cadence in the Active group; and for the Control group 
significant increases in step length, gait speed, and cadence, with no 
other significant changes (Table S2).

During the 3-month open-label period, 15 patients performed 
Active training with at least 8 sessions of at least 10 minutes and 
25 patients performed fewer than 10 training sessions. We found 
no significant change in clinical scores at the end of the open-label 

period relative to baseline (data not shown). However, we observed 
non-significant decreases of 4.6 s in the SWST duration and 5.3 
points in the MDS-UPDRS Part III (On-dopa) in PD patients that did 
Active training during the open-label period, and of 0.1 s and 1.4 
points in PD patients that did not.

Safety and tolerability of home-based exergaming

Nine adverse events occurred in eight patients, four in the Ac-
tive and four in the Control group (Table 3). Three serious adverse 
events were reported during the open-label period and found to 
be unrelated to the intervention and consisted of recurrent falls, 
or hospitalization for antiparkinsonian medication adjustment. Five 
non-serious adverse events were reported in five patients during the 
randomization and open-label periods (Table 3).

DISCUSSION

In this randomized controlled trial of 50 PD patients with medically 
refractory gait and balance disorders, we observed no significant 
difference in functional mobility (the SWST duration) between Ac-
tive full-body movement training and Control gaming. However, 
Active exergaming training did improve clinical gait and balance 
disorders scores and postural gait kinetics. The Control group 
showed no changes in motor signs, but improvement in quality of 
life and anxiety. The exergaming training was well received and 
tolerated.

The SWST duration was chosen as the primary outcome due 
to its ease of administration, and the ability to assess video-
recorded performances independently. However, it did not signifi-
cantly change in either group, as recently reported in three recent 
studies assessing the effects of home-based exergaming training 
(involving cycling or dancing programs), although improvements 
in mobility were observed [13, 16, 31]. Institution-based rehabil-
itation, with or without exergaming or virtual reality, has shown 
significant decreases in SWST duration with moderate-to-large 
effects ranging from 0.6 to 2.86 s [5, 32, 33]. This suggests that 
the intensity of home-based training or the specificity of our ex-
ergaming approach may have been insufficient to impact this mul-
tifaceted task, which encompasses actions such as rising from a 
chair, walking, turning, and returning to the starting position. The 
study duration and targeted patient group may also have contrib-
uted to the lack of benefits. Our Active training duration was ap-
proximately 100–110 min/week whereas recent findings indicate 
that a minimum of 150 min/week of home-based training is nec-
essary to achieve balance improvement in PD [34]. However, the 
number and frequency of training sessions were comparable to 
other trials [11, 16, 34]. Moreover, our patients already exhibited 
significant impairments in static balance, encountered difficulties 
in learning [10], with possible limited application of effective com-
pensation strategies after training [35]. The higher success rate 
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during training among participants who responded positively, and 
the persistent decrease in the SWST duration and parkinsonian 
motor disability observed in patients who engaged in longer train-
ing during the 3-month period, suggest that a better ability to en-
gage in the training is a factor for a more efficient compensation 
after training [35]. Finally, the SWST duration measurement may 

have inherent limitations, including high measurement error, and 
may not be suitable for reliable comparisons at both individual and 
group levels [36].

Active training showed positive effects on secondary out-
comes, indicating potential improvements in gait and balance dis-
orders, that needs to be interpreted cautiously. However, a similar 

F I G U R E  4 Training programmes and Stand-Walk-Sit Test (SWST) durations before and after Active or Control exergaming training at 
home. (a) Box plots for the duration (upper) and number of movements (bottom) performed during the home-based exergaming training 
sessions and over time in patients from the Active (pink) and Control (blue) groups, during the 6-week randomized period from the first (S01) 
to the last training session (S18). (b) Box plots for the SWST duration at baseline and after 6 weeks of training (post-training) in patients from 
the Active (pink) and Control (blue) groups, with a base-10 logarithmic scale. Each dot represents one individual patient.

Adverse events Active group
Control 
group

Serious adverse events

Hip fracture 0 1 (P47)

Wrist fracture 1 (P48) 0

Hospitalization for antiparkinsonian treatment adaptation 1 (P52) 0

Non-serious adverse events

Epileptic fit 0 1 (P09)

Ankle tendonitis 0 1 (P23)

Hip osteoarthritis with pain 1 (P27) 0

Fall with hand wound 1 (P39) 0

Ankle sprain 0 1 (P44)

Note: Values are number of adverse events.

TA B L E  3 Adverse events.
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improvement in gait and balance disorders was also reported after 
home-based exergaming training with online coaching or when 
performed within an institution, sometimes combined with con-
ventional rehabilitation methods [11, 12, 14, 32, 37, 38]. This 
indicates that patients in advanced stages of PD can potentially 
improve their motor function if the training is appropriately tai-
lored to their needs [39]. Our Active training incorporated full-
body movements, postural tasks, visual and auditive cues, and 
motivational elements with success rates. Although, we did not 
analyze the impact of separate training routines on these end-
points, our results indicate that the combination of all these motor, 
cognitive, and emotional components are likely key features to 
achieving a better effect on gait and balance disorders, that po-
tentially leads to the transfer of acquired skills to other untrained 
tasks in everyday situations [5, 40]. Control gaming also had mild 
positive effects on gait parameters, along with anxiety and quality 
of life improvements. These motor and psychological effects of 
videogame playing may result from a dopamine striatal release, as 
reported in the limbic striatum of young healthy adults [40, 41], 
and recently in patients with PD. [42]

During the optional open-label training period, adherence was 
limited with approximately one-third of the patients engaged in ac-
tive training. This suggests that game-based training alone may be 
not sufficiently attractive to maintain long-term adherence. Com-
bined training with inertial sensors and smartphone device and/or 
with daily tele-coaching would probably enhance adherence over 
time [16, 43]. Although our training was individually tailored, the 
game did not contain automated, performance-based decision-
making, which has been suggested to improve the efficiency of gait 
training [43]. These data indicate that training should be personal-
ized and fine-tuned, using highly interactive programs in PD man-
agement [44], and maintained over time, to achieve beneficial results 
and motor improvement [6, 16, 45]. Patients faced challenges using 
the software and conducting the training sessions independently, 
with older individuals exhibiting lower performance, and a potential 
fear of falling that could resulted in a voluntary decrease in move-
ment amplitudes to prevent falls. This highlights the importance of 
user-friendly and interactive systems to enhance patient adherence 
and motivation over time, particularly for individuals with more se-
vere forms of PD [33, 44].

LIMITATIONS

The present study has some limitations. First, two patients in the 
Active group prematurely dropped out of the study, and they were 
not replaced due to the COVID-19 crisis. This may have resulted in 
underpowering of the results. However, we performed data imputa-
tion and the effect size for the primary outcome was found to be 
small, suggesting that this may have had a minimal impact on the re-
sults. Second, both patient groups received intervention programs, 
which prevented us from examining the effects of active exergaming 
training compared to no training or usual care programs. Third, the 

study design did not allow for a comprehensive assessment of reten-
tion effects as all patients were given the option to engage in Active 
training after the randomized period.

CONCLUSIONS

Home-based, full-body movement, active training using tailored 
exergaming shows feasibility and potential improvement in gait 
and balance disorders in advanced PD patients. While our find-
ings do not definitively conclude on the effectiveness of our ex-
ergaming approach, they do contribute valuable insights into the 
development of rehabilitation programs incorporating exergaming 
to improve patients' adherence and efficacy. Further research is 
needed to explore the impact of exergaming on disease progres-
sion in patients with less severe forms of PD, assess the health-
care implications, and gain deeper insights into its effects on brain 
function.
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